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El hipocampo ha sido relacionado con una diversidad de procesos cognitivos, 
como, por ejemplo, la detección de estímulos novedosos, el aprendizaje 
asociativo y espacial, así como con procesos relacionados con la memoria. 
Sin embargo, poco se conoce acerca de la participación de los procesos en el 
hipocampo que pudieran estar relacionados con el refuerzo positivo inducido 
por auto estimulación eléctrica cerebral. Aunque la relación anatómica 
establecida entre el septum y el hipocampo a través del la vía septo-
hipocampal  está bien descrita, poco se conoce acerca de la participación de 
esta vía en el control del comportamiento. A su vez, el septum es conocido 
por sus características reforzantes cuando es estimulado eléctricamente; 
básicamente, el septum es capaz de generar y mantener la conducta de auto 
estimulación. Para explorar la participación del hipocampo en relación a la 
auto-estimulación cerebral, ratones transgénicos J20 (un modelo con 
deficiencias en las fibras GABAérgicas septo-hipocampales) y ratones 
silvestres C57 fueron implantados quirúrgicamente con un electrodo de 
estimulación en las colaterales de Schaffer, así como con un electrodo de 
registro en el área CA1 del hipocampo dorsal, para analizar los potenciales 
postsinápticos de campo antes, durante y después una tarea de auto 
estimulación cerebral. La estimulación eléctrica durante una tarea 
instrumental de auto-estimulación consistió en trenes de 100 Hz aplicados al 
septum medial a través del electrodo de estimulación. Los cambios en el 
potencial postináptico de campo se analizaron mediante la evaluación de los 
cambios en el componentes excitatorio, asi como los componentes 
inhibitorios temprano y tardío, evocados en la sinapsis CA3-CA1 a lo largo 
del aprendizaje de una tarea de auto-estimulación cerebral. Las sucesivas 




amplitud de los potenciales posinápticos excitatorios junto con el incremento 
progresivo del desempeño de la tarea. Además, se evaluó la actividad 
oscilatoria del hipocampo en una tarea de preferencia comparando los efectos 
de 8, 20 y 100 Hz de estimulación septal. La evaluación de los registros 
electroencefalográficos asociados con la auto-estimulación cerebral durante la 
tarea de preferencia demostraron una clara preferencia por 100 Hz de 
estimulación septal asociado con un incremento en la banda baja de theta y un 
decremento en la banda baja de gamma. Estos resultados fueron apoyados por 
los datos obtenidos en el modelo J20 y replicados mediante la inyección 
intrahippocampal  de antagonistas del receptor GABAB en ratones C57, lo 
que sugiere una importante implicación del receptor GABAB en la auto-
estimulación cerebral. En su conjunto, el presente estudio muestra que: i) la 
vía GABAérgica septo-hipocampal participa en la transmisión de información 
necesaria para la auto-estimulación cerebral en el septum, así como para el 
procesamiento de la preferencia entre diferentes refuerzos, lo cual es mediado 
en el hipocampo probablemente por receptores GABAB; y ii) el hipocampo 
está activamente relacionado no sólo en el aprendizaje de la auto-





















The hippocampus is a structure mostly related to novelty detection, 
associative and spatial learning, and memory processes, but not very much is 
known about hippocampal mechanisms underlying positive reinforcement 
during brain stimulation reward. Although the anatomical relationships 
between the septum and the hippocampus through the septo-hippocampal 
pathway are well established, the functional relationship with behavior 
remains poorly understood. In turn, the septum is classically related to its 
capability to generating and maintaining brain stimulation reward by 
electrical stimulation. To explore the contribution of the hippocampus to 
brain stimulation reward, transgenic J20 (this model have a deficit of 
GABAergic septo-hippocampal projections) and wild-type C57 mice were 
stimulated through electrodes implanted in Schaffer collaterals, and field 
postsynaptic potentials (fPSPs) were recorded from electrodes implanted in 
the hippocampal CA1 area before, during, and after a brain stimulation 
reward task. Brain stimulation reward consisted of an operant conditioning 
paradigm using as reinforcement trains at 100 Hz applied to the medial 
septum through the stimulating electrode. The hippocampal synaptic 
efficiency was determined from changes in the field excitatory and inhibitory 
postsynaptic potential (fEPSP and fIPSP) components of the fPSPs evoked at 
the CA3-CA1 along the acquisition of the brain stimulation reward protocol. 
Successive rewarding sessions evoked a progressive decrease in the 
amplitude of fEPSPs in an inverse relationship with the increase in brain 
stimulation reward performance. Additionally, we evaluated the rhythmic 
activity of the hippocampus in a preference task, comparing the rewarding 
effects of 8 Hz, 20 Hz, and 100 Hz trains of electrical stimulation. The 
evaluation of hippocampal electroencephalographic recordings (EEGs) 
associated with brain stimulation reward performance demonstrates the clear 
preference for 100 Hz, as seen from the increase of the low theta and the 
decrease of low gamma bands. These results were supported by the transgenic 




antagonist in C57 mice, supporting the notion of a significant involvement of 
GABAB receptors in brain stimulation reward. As a whole, it has been shown 
here that i) the GABAergic septo-hippocampal pathway participates in the 
transmission of information necessary for septal brain stimulation reward, as 
well as for preference processing between different reinforcements, by its 
effect through hippocampal GABAB receptors; ii) the hippocampus is 
actively involved not only in the learning of brain stimulation reward, but also 





























































1.1. Brain stimulation reward 
The term “electrical brain stimulation reward” in the context of basic research 
in behavioral and neuroscientific studies can also be found as “self-
stimulation”, “intra-cranial self- stimulation” or “deep brain stimulation”. 
During the present Doctoral Thesis, the term “brain stimulation reward” is 
going to be applied to refer always to the electrical stimulation of deep brain 
structures with rewarding consequences in the context of basic research with 
rodents and operant conditioning paradigms. 
 
Brain stimulation reward was described in the 50s of the past century thanks 
to the combination of the chronic implantation of electrodes carried out by W. 
R. Hess and the design by B. F. Skinner of a special box for operant 
conditioning (Hess, 1949; Skinner, 1939 in Olds, 1958). The first technique 
allows electrical stimulation of the brain in the freely behaving animal, while 
the second worked out a way to measure positive reinforcement by arranging 
a situation in which the animal could deliver the reward to itself by a very 
simple manipulation, such as pressing a lever (Olds, 1958). It is important to 
indicate that in the present study, the term “stimulation” always refers to the 
“electrical stimulation” of the brain. The first report talking about the reward 
properties of electrical stimulation delivered by rodents tested in a Skinner 
box was published in 1954 (Olds and Milner, 1954). In this circumstance, the 
animals could stimulate themselves by pressing a lever. That work, performed 
in rats, explored the reward capabilities of the forebrain. As its main result, 
the paper reported the highest brain stimulation reward response as being 
located in the hypothalamic areas. In contrast, the brain stimulation reward 
responses evoked in septal areas dropped abruptly (Olds and Milner, 1954), 
but even so, scores remained at a high ratio in comparison with brain 







1982; Ursin et al., 1966). After the seminal work of Olds and Milner (1954), 
the electrical stimulation of reward-related structures became a useful tool for 
studying the neural mechanisms related to natural motivation and reward 
(Wise, 2002). Another early paper (Olds, 1956) showed that, in general, very 
high response rates could be evoked with electrodes placed in rhinencephalic 
structures—namely, the anterior hypothalamus, the amygdaloid complex, and 
the septal area. Moderately high response rates are evoked by the stimulation 
of other rhinencephalic structures—namely, the cingulate cortex, the 
hippocampus, the posterior hypothalamus, and the anterior thalamus (Olds, 
1956). Currently, the literature reports many other brain areas with rewarding 
capabilities when they are stimulated. Examples of this are the olfactory bulb 
and the region of the motor branch of the trigeminal nerve. With regard to the 
medial forebrain bundle, there are also areas with rewarding capabilities, such 
as the anterior, lateral, and posterior hypothalamus, the ventral tegmental 
area, and the bundle that extends caudally to the ventral tegmental area on the 
midline of the pons. In the cerebral cortex, some examples of rewarding areas 
are the medial prefrontal, sulcal, cingulate, and entorhinal cortices. In the 
limbic system, the hippocampus, the amygdala, and the medial and lateral 
septal regions have also been related to rewarding processes. Even the 
cerebellum presents areas with rewarding effects, particularly the region 
around the decussation of the brachium conjunctivum. The stimulation near 
monoaminergic areas (such as the noradrenergic nucleus, the locus coeruleus, 
and the nucleus of the solitary tract), serotonergic areas (dorsal and medial 
raphe nuclei), and dopaminergic areas (ventral tegmental area and zona 
compacta and pars lateralis of the substantia nigra) has been reported as 
rewarding (Wise, 2009).  
 
With regard to behavioral studies in animals, the literature on brain 
stimulation reward reports that in maze experiments the deprived animals run 
faster for brain stimulation than for food. In addition, animals can support 
double the intensity of grid-foot punishment to get brain stimulation than to 







stimulation reward behavior remains stable for several months (Olds, 1958; 
Spies, 1965). Hunger seems to have as positive an effect on brain stimulation 
reward rates as satiation of food –it induces low rates of brain stimulation 
reward in lateral hypothalamus, but brain stimulation reward in this area is 
preferred to food reward under food deprivation (Olds, 1958; Spies, 1965). 
Moreover, brain stimulation reward disturbs the associative process during 
cognitive tasks, improving the learning level and disorganizing the wrong 
behavior (errors) during the performance of the task (Olds and Olds, 1961; 
Kornblith and Olds, 1968; Cazala et al., 1988; Segura-Torres et al., 2010). 
 
In 1974, Rolls suggested the presence of at least two rewarding groups of 
structures in the brain. The first extends along the medial forebrain bundle 
and its related sites. The brain stimulation reward rate used here is rather fast 
and is accompanied by hyperactivity and general arousal. In this group, we 
can find the sites related with natural drives, such as food or water 
deprivation (Rolls, et al., 1980; Grauer and Thomas, 1982). The second group 
of rewarding sites is located in the limbic system and related structures. In 
general, these latter sites seem to yield a much lower rate of brain stimulation 
reward response than the medial forebrain bundle sites. The septum and the 
nucleus accumbens are included in this group. Brain stimulation reward of 
these sites is usually accompanied by hypoactivity and reduced rates of bar 
pressing. Eating and drinking cannot be elicited by stimulation of these sites, 
and deprivation states seem not to modulate the response rates (Rolls et al., 
1980; Grauer and Thomas, 1982).  
 
One of the putative explanations for the phenomenon of brain stimulation 
reward was proposed by Wise in 2002. He proposed “the most obvious 
hypotheses as to why brain stimulation reward is so effective” in three basic 
points: i) the stimulation activates the reward pathway directly, bypassing 
synaptic barriers in sensory pathways; ii) the stimulation activates the reward 







radius of 0.25 – 0.5 mm (in relation to the intensity of the stimulus); and iii) 
the delay between the response and reward is minimal; it can even be said to 
be instantaneous. Thus, the contiguity1 is maximal, and the association 
stimulus-response is facilitated. Some studies (Fouriezos and Randall, 1997) 
report that a delay of just 1 s between the lever-press and the delivery of the 
reward can dramatically reduce reward effectiveness (Wise, 2002). 
 
To sum up, brain stimulation reward applied to the medial septum has been 
proposed as an experimental model that represents a direct way to study the 
relationship between rewarding behavior and the hippocampal mechanisms 
involved (Ball and Gray, 1971; Buño and Velluti, 1977; Alkon et al., 1991; 
Rubio et al., 2012; Vega-Flores et al., 2013). In this Doctoral Thesis, we are 
going to deal mainly with the medial septum, which is the chosen area for 
electrical stimulation, and the source of the SH-GABAergic projecting fibers. 
 
1.1.1. Brain stimulation reward and neurotransmitters 
 
A seminal idea (proposed in the 1950s) regarding what neurotransmitters are 
involved in the rewarding effects of brain stimulation has its basis in the 
experimental data collected from stimulation of the medial forebrain bundle 
(Olds, 1958). This means that the earlier explanations regarding brain 
stimulation reward come mainly from the stimulation of the lateral 
hypothalamus. The notion was based on the activation of monoaminergic 
projecting fibers, because chlorpromazine and reserpine attenuate brain 
stimulation reward performance, while amphetamine enhances it. However, 
some works reports negative results respect to the relationship of the brain 
                                                          
1 Contiguity: The occurrence of two events, such as a response and a reinforcer, very close 







stimulation reward and the monaminergic theory (e.g., Ramirez et al., 1983). 
Sometime later, dopamine was accepted as a real neurotransmitter in its own 
right, not just as a precursor of noradrenaline (Benes, 2001). The extensive 
literature regarding addictive behavior and drug abuse was becoming 
pervasive. At this point, the  most popular hypotheses centered on the 
dopaminergic system, due to the capacity of these drugs to alter levels of 
dopamine and affect brain stimulation reward performance. However, 
subsequent reports showed some discrepancies in the dopaminergic 
hypothesis (e.g., Wise, 2009). Whereas high levels of stimulation are required 
to activate dopamine fibers, low levels of stimulation are rewarding in the 
medial forebrain. Additionally, several studies suggested that the fibers 
implicated in brain stimulation reward are fast, myelinated axons that descend 
through the medial forebrain bundle to activate the dopaminergic system 
trans-synaptically, whereas dopaminergic fibers are slow, unmyelinated, and 
ascend through the medial forebrain bundle (Carlezon and Chartoff, 2007; 
Lassen et al., 2007; Wise, 2009). 
 
In order to conciliate these issues, the current hypothesis is that dopaminergic 
fibers are activated trans-synaptically by descending myelinated fibers 
located in the medial forebrain bundle. One proposed pathway in support of 
this dopaminergic hypothesis is that descending medial forebrain bundle 
fibers (first stage) synapse on pedunculopontine tegmental neurons (second 
stage), which in turn project back to the ventral tegmental area and the 
substantia nigra, thereby serving as the third stage (Carlezon and Chartoff, 
2007; Lassen et al., 2007; Wise, 2009). In support of this notion, it has been 
reported that rewarding lateral hypothalamic stimulation causes acetylcholine 
release in the ventral tegmental area, and that the microinjection of 
muscarinic antagonists in this area increases reward thresholds (Wise, 2009). 
Muscarinic blockade of cholinergic auto-receptors at the level of the 
cholinergic cell bodies increases dopamine release and augments lateral 
hypothalamic brain stimulation reward. Thus, cholinergic neurons of the 







strong candidates for a link between first-stage reward fibers of the medial 
forebrain bundle and high-threshold third-stage dopamine reward fibers that 
project back to the stimulated region, but are too insensitive to respond to the 
stimulation directly (Wise, 2009). In brief, the primary transducer of the brain 
stimulation rewarding effect might not be mesencephalic dopaminergic 
neurons (Prado-Alcala et al., 1984; Cazala et al., 1988; Gasbarri et al., 1997, 
1994; Lassen et al., 2007). Moreover, in the ventral tegmental area, dopamine 
has a very close relationship with other neurotransmitters.  
 
Available reports also propose other neurotransmitters as being involved in 
the brain stimulation reward effect. For example, a link between GABA and 
brain stimulation reward has been suggested (e.g., Cobo and Mora, 1991): 
some authors have proposed the presence of a GABAergic electrically 
coupled net (Lassen et al., 2007). This idea is based on the previously defined 
“diffuse net-like” connection between forebrain nuclei and the ventral 
tegmental area (Simmons et al., 1998). The existence has been suggested of 
other important roles of GABAergic projections from accumbens to ventral 
tegmental area in brain stimulation reward: an inhibitory GABAergic synaptic 
input to mesolimbic-mesocortical neurons subserving brain stimulation 
reward in the ventral tegmental area (Nazzaro and Gardner, 1980). GABA 
agonists increase lever-pressing rate during stimulation in anterior or 
posterior hypothalamus (Caudarella et al., 1982). More-recent works, 
performed in the ventral tegmental area, where 40% of cells are GABAergic, 
have pointed to the involvement of GABAergic cells in the encoding of the 
rewarding effect (e.g., Steffensen et al., 2001). More-recent studies have 
proposed that GABAergic neurons of the ventral tegmental area encode the 
value of the expected reward, and that dopaminergic neurons use this 
information to compute prediction errors (Cohen et al., 2012; Welberg, 2012). 
 
At the same time, it has been reported that the brain stimulation reward of the 







septum or hypothalamic stimulation. The lateral septum is the exclusive 
terminal field of afferent dopaminergic projections to the septal area (Lindvall 
and Stenevi, 1978). This is in agreement with previous reports (Prado-Alcala 
et al., 1984) proposing that “neither dopaminergic terminals nor the cells that 
they innervate appear to be the directly activated substrate of rewarding 
stimulation in this region of the septum” (Cazala et al., 1988). Due to the 
nature of septo-hippocampal fibers (see below), GABAergic and cholinergic 
fibers could be more related to the early processing of the brain stimulation 
effect. Additionally, an increased level of acetylcholine in the hippocampus 
has been reported as a consequence of septal stimulation (Krnjevic et al., 
1988). However, the SH-GABAergic projection is proposed as the underlying 
structure for the enhanced learning effect associated with septal stimulation 
(Wu et al., 2000).  
 
In general, there is scarce information concerning the SH-GABA projections 
system and brain stimulation reward. In a recent report, Kaifosh and 
colleagues proposed the GABAB receptor in the SH-GABA pathway as an 
important candidate for the modulation of several cognitive aspects into 
hippocampal circuits (Kaifosh et al., 2013). While the literature on brain 
stimulation reward is extensive, the scope of the present work has centered on 
the study of the septal complex. In accordance, detailed information about 
stimulation reward of the septal area will follow a brief description of its 














1.2. Septal complex 
 
The term septum comes from the Latin sæptum, meaning “wall” or “brick”. 
This structure is located in the basal forebrain, specifically in the 
anteromedial part of the basal forebrain. In rodents, the septum has as 
anatomical limits the corpus callosum at the dorsal pole and the lateral 
ventricles in the lateral parts (Risold, 2004; Zaborszky et al., 2012). 
Following the general criterion of Swanson and Paxinos (Risold and 
Swanson, 1997a, 1997b; Paxinos and Franklin, 2001), the septal area is 
described as being formed by four groups of neurons, depending on their 
anatomical location: the lateral group, including the lateral septal (the largest 
nucleus of the septum), septo-fimbrial, and septo-hippocampal nuclei; the 
medial group comprises the medial septal complex, the medial septal nucleus, 
and the nucleus of the diagonal band; the posterior group includes the 
triangular nucleus, the bed nuclei of the anterior commissure, and the stria 
medullaris; finally, the ventral group, which includes the bed nuclei of the 
stria terminalis. In congruence with the scope of the current work, the 
following information will be focused exclusively on the lateral and medial 
groups. 
 
The septal area is traversed by several myelinated afferent or efferent fiber 
tracts (Risold and Swanson, 1997a, 1997b; Paxinos and Franklin, 2001). 
These tracts originate and end in other cortical structures, and form three 
different commissures: the corpus callosum, the ventral hippocampal 
commissure, and the anterior commissure. The corpus callosum apparently 
does not have any functional interaction with the sepal area, while the ventral 
hippocampal commissure interaction is unclear. The anterior commissure 
passes through the bed nuclei of the stria terminalis. This commissure has a 







little interaction with the bed nuclei of the stria terminalis. Another 
component, occupying a more temporal position, includes the piriform cortex, 
while a third component involves the amygdalar nuclei (Horel and Stelzner, 
1981; Yajeya et al., 1987). 
 
There are four main afferents and efferents of the septal region: the fornix, the 
stria terminalis, the medial forebrain bundle, and the stria medullaris. The 
main connection of the lateral and medial groups with the hippocampus is 
through the fimbria/fornix. The ventral group is connected with the amygdala 
through the stria terminalis. The caudal group projects through the stria 
medullaris. The medial forebrain bundle carries abundant afferent and 
afferent fibers to almost all septal nuclei. The bed nuclei of the stria 
terminalis are bordered by the internal capsule and the postcommissural 
fornix (lateral and caudal respectively). This represents the origin of anterior 
parts of the lateral hypothalamic area and the external parts of the globus 
pallidus. 
 
The lateral group includes the lateral nucleus. However this nucleus is not 
homogeneous, and, in general, the reports are not in agreement on a definitive 
classification for this area. The currently available cytoarchitectural data is 
mainly about the medial group, which presents up to five dendritic spine-free 
cell types, using acetylcholine as neurotransmitter (Brauer et al., 1988; Risold 
2004). In addition, a population has been described of small spindle-shaped 
neurons in the medial septal complex corresponding to GnRH (Gonadotropin-
releasing hormone) neurons. There is no clear evidence of functional 
boundaries between the medial septal nucleus and the nucleus of the diagonal 
band, although both nuclei are traversed by myelinated axons of the diagonal 








In general, the septal region is rich in GABAergic neurons that express 
glutamic acid decarboxylase (Freund and Antal, 1988; Risold and Swanson, 
1997a; Rubio et al., 2012; Kaifosh et al., 2013). This large population 
expresses peptides and/or other proteins. The most studied are calcium-
binding proteins and trophic factors (Semba, 2000; Risold, 2004). 
Parvalbumin, calbindin D-28k, and NGF are specific to subsets of 
GABAergic neurons. These kinds of neuron are mainly local GABAergic 
interneurons, whereas others project cortically (Freund and Buzsáki, 1996; 
Risold, 2004; Rubio et al., 2012). In this Doctoral Thesis, particular attention 
will be given to the functional relationships with the two main sources of 




1.2.1. The lateral group 
 
The main characteristic of the nuclei within the lateral group is a massive 
glutamatergic input from the pyramidal cells of the hippocampus and 
subiculum (Luo et al., 2011; Welberg, 2011), as well as massive bidirectional 
connections with the hypothalamus and the ventral midbrain (Staiger and 
Wouterlood, 1990; Risold and Swanson, 1997a, 1997b). The descending 
projections from the hippocampus and subiculum run first through the fimbria 
then through the fornix—these fibers are excitatory, using glutamate as 
neurotransmitter (Walaas and Fonnum, 1980; Gulyás et al., 2003). Finally, 
the fibers arriving from CA1 and subiculum innervate the ipsilateral rostral 
part of the lateral septal nucleus, whereas the fibers arriving from the CA3 
area make contact with the caudal part of this nucleus bilaterally. In the most-
lateral parts of the rostral lateral septal nucleus, the projections from the CA1 
and CA3 areas are overlapped (Risold and Swanson, 1997a, 1997b). Also, the 
CA3 projections reach the ventral tegmental area through the lateral septum 








The lateral septal nucleus has direct connections with the periventricular zone 
of the hypothalamus (Staiger and Wouterlood, 1990; Risold and Swanson, 
1997b; Vertes and Kocsis, 1997). The more extensive projections have been 
described in the medial and lateral zones of the hypothalamus. In turn, the 
caudal part of the lateral septal nucleus projects massively to the lateral 
supramammillary nucleus and to the ventral tegmental area. These projections 
are reciprocated to the caudal lateral septal nucleus (Risold and Swanson, 
1997b; Vertes and Kocsis, 1997). The caudal part of the lateral septal nucleus 
also receives afferents from several nuclei of the brainstem as well as the 
ventral tegmental area and the laterodorsal tegmental nucleus. These afferents 
correspond to the dopaminergic and cholinergic band-shaped terminal fields 
in the caudal lateral septal nucleus (Staiger and Wouterlood, 1990; Risold and 
Swanson, 1997a, 1997b; Vertes and Kocsis, 1997). 
 
Whereas projections from the lateral septal nucleus to the hippocampus are 
rather weak (Staiger and Wouterlood, 1990; Leranth and Vertes, 1999; Risold 
and Swanson, 1997b), axons from this septal nucleus innervate several nuclei 
of the thalamus. These projections are mainly to midline nuclei, such as the 
nucleus reuniens, the thalamic paraventricular nucleus, and the paratenial 
nucleus. In turn, the reuniens and paraventricular nuclei send some fibers to 
the lateral septal nucleus. Interestingly, these nuclei project heavily in the 
entorhinal cortex, the CA1 area, and the subiculum (Risold and Swanson, 
1997a; Groenewegen et al., 2004). Another lateral septum input reaches the 
lateral habenular nucleus (Vertes, 2006; Vertes et al., 2007; Risold and 
Swanson, 1997b). Finally, the septal pole of the lateral septal nucleus 
innervates the nucleus of the diagonal band, which in turn innervates the 









1.2.2. The medial group 
 
The two main parts of this neural area are the medial septal nucleus and the 
nucleus of the diagonal band of Broca. Both nuclei are located in the medial 
part of the septum, in a vertical sense. This vertical area is the place where 
most of the septo-hippocampal fibers have their origin (Paxinos and Franklin, 
2001). The connections of the nuclei within the medial group have as a chief 
characteristic the presence of massive telencephalic outputs and bidirectional 
connections with several nuclei of the posterior hypothalamus and of the 
reticular formation. The septo-cortical projections innervate all the areas of 
the hippocampus, entorhinal, cingulate, medial prefrontal, and piriform 
cortices, olfactory bulb, corticoamygdaloid nuclei, and insular areas. There 
are sparser projections to the occipital, somatosensory, and orbital cortices 
(Risold and Swanson, 1997a, 1997b; Vertes and Kocsis, 1997; Risold 2004; 
Witter 2004). The medial septal nucleus has as a main target the hippocampal 
formation. The cells in the lateral part send their axons mainly to the ventral 
(temporal) hippocampal areas, whereas the cells in the medial area project to 
the dorsal hippocampus (Gaykema et al., 1990; Witter 2004). The nucleus of 
the diagonal band has been reported as innervating the hippocampus, but also 
sending projections to the olfactory, cingulate, and entorhinal cortices. 
 
The medial septal complex also receives fibers from cortical and subcortical 
regions. The hippocampal projections innervate the medial parts of the medial 
septal nucleus and the nucleus of the diagonal band. The entorhinal and 
prefrontal cortices also send projections to this nucleus (Gaykema et al., 
1990; Witter, 2004; Zaborszky et al., 2012). The ascending inputs to the 
medial septal complex have their origin in the brainstem (McKenna and 
Vertes, 2001). The main sources of ascending projections are the 
supramammillary nucleus, the posterior hypothalamic nucleus, and the lateral 
hypothalamic area (Vertes, 2005; Vertes et al., 2004; Zaborszky et al., 2012). 







tegmental nuclei, and the locus ceruleus also project in the medial septal 
complex (Leranth and Vertes, 1999; McKenna and Vertes, 2001; 
Groenewegen et al., 2004; Vertes, 2006; Vertes et al., 2007). 
 
The medial septal complex also reaches the brainstem through the medial 
forebrain bundle (Risold 2004; Vertes and Kocsis, 1997; Zaborszky et al., 
2012). Some of these fibers enter the stria medullaris and terminate in the 
lateral habenula or innervate certain thalamic areas, such as the reticular and 
lateral mediodorsal nuclei. Several medial septal efferents innervate en 
passant the lateral hypothalamic area on the way to the supramammillary 
nucleus. Others innervate mammillary and tuberomammillary nuclei as well 
as the ventral tegmental area, and the raphe and laterodorsal tegmental nuclei 
(Risold and Swanson, 1997a, 1997b; McKenna and Vertes, 2001; Zaborszky 
et al., 2012).  
 
The neurotransmitters GABA and acetylcholine have been reported as being 
present in medial septum neurons (Semba, 2000; Gulyás et al., 2003; Müller 
et al., 2012). The medial septal nucleus and the nucleus of the diagonal band 
contain an abundant population of cholinergic neurons; many of them co-
express other neurotransmitters, neuropeptides, or receptors of other 
transmitters (Semba, 2000). Thus, it has been reported that cholinergic 
neurons contain glutamate, nitric oxide, or neuropeptides such as galanin, as 
well as receptors of the nerve growth factor. One less-numerous third class 
could be included: the gonadotropin-releasing hormone (GnRH) neuron 
(Figure 1.1). These neurons are scattered within the medial septal complex 
and in the hypothalamic preoptic region; more caudally, many have been 










Distribution of cholinergic and GABAergic neurons in 
the medial septum. Schematic representation (at the mid-
rostrocaudal level of the medial septal complex) of the 
distribution of cholinergic neurons (red dots) and 
parvalbumin-containing cells (white dots). Abbreviations: 
ac, anterior commissure; LS: lateral septal nucleus; MS, 
medial septal nucleus; SHi, septo-hippocampal nucleus. 




The medial septal complex also receives numerous afferents containing 
GABA, glutamate, acetylcholine, serotonin, dopamine, or norepinephrine 
(Zaborszky et al., 2012). These projections arrive from the brainstem through 
the medial forebrain bundle. The fibers pass through the medial septal nuclei 
to reach the lateral septal nucleus or continue through the fornix/fimbria to 
reach the hippocampus (Witter et al., 2004). They also innervate en passant 
neurons in the medial septal complex. (Leranth and Vertes, 1999; Risold, 
2004; Zaborszky et al., 2012). Finally, the medial raphe nucleus innervates 
the cells of the medial septum as well as septal target cells in the dentate 
gyrus through collaterals (McKenna and Vertes, 2001). 
 
Different reports demonstrate that the firing pattern of medial septal neurons 
is under the control of ascending projections from the brainstem (Kirk, 1998; 
Leranth and Vertes, 1999; Vertes et al., 2004; Kaifosh et al., 2013). In turn, 
the medial septal neurons represent a hippocampal synchronizing pathway 
that originates in the brainstem, mainly in rostral parts of the pontine reticular 
nucleus or part oralis—in general, the area encompassing the 
pedunculopontine tegmental nucleus. Additionally, caudal diencephalic 
neurons in the supramammillary nucleus and the posterior hypothalamic 







region (Kirk, 1998; Leranth and Vertes, 1999; Vertes, 2005). Serotoninergic 
afferents also play a role. Thus, it has been reported that the medial raphe 
may have a desynchronizing effect on the hippocampus through projections 
to the medial septal complex (Leranth and Vertes, 1999; Vertes, 2005; 
Pignatelli et al., 2012). The septo-hippocampal pathway will be described in 
detail in section 1.4. 
 
1.2.3. Septal complex and behavior 
 
The lateral septal nucleus has been implicated in many behaviors such as 
water intake, feeding, autonomic responses, sexual behaviors, adaptive 
navigation, or an exaggerated defensive behavior, for example the septal rage 
syndrome (Spies, 1965; Blanchard et al., 1979; Albert and Chew, 1980; 
Grauer and Thomas, 1982; Sparks and LeDoux, 1995; Risold and Swanson, 
1997b; Apartis et al., 1998; Mizumori et al., 2000; Sheehan and Numan, 
2000). Furthermore, the septal nucleus has been associated with more-
complex behaviors such as social behaviors related to dominant–subordinate 
relationships, or to parental care. It is possible that these responses are related 
with the huge descending inputs from the lateral septal nucleus to the 
hypothalamus (Staiger and Wouterlood, 1990; Risold and Swanson, 1997a). 
In turn, the lateral septal nucleus projects heavily in the lateral hypothalamic 
area and the lateral supramammillary nucleus (Leranth and Vertes, 1999; 
Vertes et al., 2004; Pignatelli et al., 2012). Finally, the lateral 
supramammillary nucleus also receives abundant afferents from the 
laterodorsal tegmental nucleus, the locus ceruleus, and the raphe (Pignatelli et 









1.2.4. Septum and brain stimulation reward 
 
With regard to brain stimulation reward, the septum is included in a group of 
limbic sites that, in general, evoke a much lower rate of brain stimulation 
reward response than medial forebrain bundle sites where the hypothalamus 
is included. Septal brain stimulation reward has lower rates of bar pressing 
and less activity, and behaviors such as eating and drinking cannot be elicited, 
or display no relation with deprivation states (Hodos and Valenstein, 1962; 
Rolls, 1974; Grauer and Thomas, 1982). 
The rewarding area in the septum is smaller and more specific than in 
hypothalamic areas. An important characteristic of the septal area is that it 
seems to be surrounded by neutral areas (Olds et al., 1960). This means that 
the stimulation of areas next to the septum do not have any effect on 
behavior, whereas in the hypothalamus area, the intensity of stimulation can 
reach many other rewarding areas involving many other physiological 
processes (Olds, 1958). The septal brain stimulation reward has faster 
extinction than hypothalamic stimulation (Seward et al., 1959; Cazala et al., 
1988). The response rates for septal stimulation (particularly in the lateral 
septum) are also more irregular and slower than response rates evoked by 
posterior hypothalamic stimulation, which are invariably high and uniform 
(Hodos and Valenstein, 1962; Cazala et al., 1988). Motionless periods lasting 
several seconds have been reported as a consequence of septal stimulation. 
This is typically observed following a single lever press (Hodos and 
Valenstein, 1962; Cazala et al., 1988). A high stimulus intensity or a burst of 
rapid brain stimulation reward responses without a time-out could induce a 
tonic-clonic seizure with a characteristic post-ictal depression. This is 
particularly observed following lateral septum stimulation (Cazala et al., 
1988). After the end of the ictal crisis, several minutes have to elapse before 
the animal resumes responding (Hodos and Valenstein, 1962; Cazala et al., 
1988). The response rate of brain stimulation reward frequently declines with 







necessary to elicit a rewarding behavior is lower at septal levels than in 
hypothalamic areas (Olds, 1958; Spies, 1965). The brain stimulation reward 
behavior in septal areas reaches a kind of satiation after many (>12) hours. 
This is not observable in hypothalamic areas. Animals under food deprivation 
conditions still eat even if the brain stimulation reward in septal areas is 
available (Routtenberg and Lindy, 1965, Spies, 1965). Escape and approach 
responses elicited by hypothalamic stimulation are substantially different 
from those elicited by septal stimulation (Cazala et al., 1988). Finally, some 
peripheral effects have also been reported, such as the decreased heart rate 
with stimulation in the septal area, whereas stimulation in the hypothalamus 
increases it (Malmo, 1961; Perez-Cruet et al., 1963; Spies, 1965). 
 
1.3. Hippocampal formation 
MacLean in 1990 proposed three main levels of brain organization. The 
bottom level is an interconnected structure also recognizable in early 
mammals: the archipallium (olfactory bulb, brainstem, mesencephalon, 
cerebellum, and the basal ganglia). The top level is the neopallium, which is 
approximately equivalent to the thalamo-neocortical system. The middle level 
comprises the structures of the limbic system, which include the hippocampus 
(McLean, 1990 in Buzsáki, 2006)  
In agreement with Witter et al. (2004), the hippocampal formation is 
composed of the dentate gyrus, the hippocampus, and the subiculum. These 
are three areas differentiated cytoarchitectonically, but share as a typical 
characteristic a three-layered appearance, which has been considered the 
defining feature of the so-called allocortex. The hippocampus proper is 
subdivided into three areas: CA3, CA2, and CA1 (Witter et al., 2004). The 
hippocampus, also called heterotypical cortex, has unique cell types and a 
special connection design that makes this cortex area “ideally built by 
providing a spatiotemporal context for the information” (Buzsáki, 2006). As 







of a six-layer modular arrangement, as in the isocortex. In most allocortical 
areas, the layer four is absent. This means a lack of thalamic input and, in 
consequence, the absence of any direct sensory information. Sensory 
information, with the exception of olfactory information, can reach the 
allocortex by means of elaborate pathways through the neocortex. The 
olfactory information is the most direct sensory information, arriving at the 
allocortex through the olfactory bulb as relay. For these reasons, the term 
rhinencephalon is used to refer to this area. Additionally, when the allocortex, 
amygdala, hippocampus, entorhinal cortex, and hypothalamus are included, 
the term limbic system is applied—that is, the system classically related with 
emotional processing. 
Anatomical evidence indicates that virtually all neocortical regions project to 
the perirhinal and entorhinal cortices. In turn, these cortices send fibers to the 
hippocampus. This represents the main source of information for 
hippocampal neurons. The hippocampal formation has as its main output the 
subicular complex and the deep layers of the entorhinal cortex, while these 
structures route back the information to the neocortex. The second main 
output of the hippocampus is the down traffic of information via the fornix-
septum pathway. In fact, the connectivity in the hippocampal formation is 
largely unidirectional (Figure 1.2). The information arrives from layer two of 
the entorhinal cortex through the perforant pathway and reaches the granule 
cells of the dentate gyrus. The granule cells, through the mossy fiber 
terminals, are able to excite pyramidal cells in the CA3 region. The CA3 
region shows two layers, with a continuous transition. Pyramidal cells in the 
hilar or portal area engulfed by the granule cells send their main collaterals, 
called Shaffer collaterals, to the CA1 pyramidal cells, while the remaining 
CA3 and CA2 neurons form a strongly recursive network. CA3 and CA2 
areas have very extensive recurrent collaterals, contacting their peers locally 
and distantly, including those in the hilar region, additionally contacting CA1 
pyramidal cells and even back to the granule cells. In turn, the CA1 area 







finally closing the main loop sending fibers to layer five of the entorhinal 














The glutamatergic loops of information in the hippocampus. The main loop is 
shown in orange. It starts when the information from the entorhinal cortex arrives 
from layer 2 (white arrow) through the perforant pathway and reaches the granule 
cells (gc) of the dentate gyrus. CA3 cells have particularly intrinsic loops with CA2. 
In a following step, the CA3 area sends the so-called Schaffer collaterals to contact 
with pyramidal cells in CA1. In turn, CA1 sends fibers to the subiculum (S), closing 
the main loop sending fibers to layer 5 of the entorhinal cortex (orange arrow). The 
main output to the prefrontal cortex (PFC) is through the CA1 area and the 
subiculum. CA1 is involved in another loop: CA1-PFC-reuniens (RE). Arrowheads 
indicate the flow of information. Gray lines indicate the secondary loops. 









The hippocampus proper (CA3, CA2, and CA1, following the terminology of 
Lorente de Nó) has a laminar organization. The pyramidal cell layer is the 
main cellular layer. The stratum oriens is a narrow, relatively cell-free layer 
deeper than the pyramidal cell layer, and deeper than this is the fiber-
containing alveus. The stratum lucidum, present only in the CA3 area, is a 
narrow acellular zone located just above the pyramidal cell layer, formed by 
the mossy fibers; this layer ends where the fibers bend temporally at the 
CA3/CA2 border. The stratum radiatum lies above the pyramidal cell layer; 
this layer is the region in which CA3 - CA3 associational connections and the 
CA3 - CA1 Schaffer collateral connections are located. Finally, there is the 
stratum lacunosum-moleculare: in this layer, fibers from the entorhinal cortex 
(perforant pathway) or from other regions (reuniens) travel and terminate. 
The long axis of the hippocampal formation is called the septo-temporal axis 
(with the septal pole located dorsally and rostrally). 
 
The hippocampal formation has a pathway, located at the lateral extremity, 
called the fimbria, while the efferent pathway descending to the forebrain is 
referred to as the columns of the fornix. The fornix splits around the anterior 
commissure and innervates the septal nuclei and other basal forebrain 
structures, while a postcommissural component leads toward the 
diencephalon. The fornix and fimbria carry axons following both efferent and 
afferent directions.  
 
The dentate gyrus is the main entrance to the hippocampus. This structure 
includes the granular cells and their projections—the so-called mossy fibers. 
The pathway of mossy fibers is the only extra-dentate projection. These fibers 
make contact with pyramidal cells and GABAergic interneurons (Acsády et 
al., 2000) in the CA3 area (≈ 40 synaptic contacts with a single pyramidal cell 
dendrite). The mossy fibers innervate the whole pyramidal layer of this area, 







for granular cells to influence the activity of hippocampal pyramidal cells 
(Witter et al., 2004).  
 
The CA3 area does not project to the subiculum or the entorhinal cortex. All 
portions of CA3 and CA2 project to CA1. The stratum radiatum and the 
stratum oriens of CA1 are heavily innervated by CA3 axons—the Schaffer 
collaterals; these fibers are as highly associated with the apical dendrites of 
CA1 cells in the stratum radiatum as they are with the basal dendrites in the 
stratum oriens. The CA3-to-CA3 associational and CA3-to-CA1 Schaffer 
collateral projections have pyramidal cells with high arborization axonal 
plexuses that distribute to as much as 75% of the septo-temporal extent of the 
ipsilateral and contralateral CA1 areas (Witter et al., 2004; Buzsáki, 2006). 
Figure 1.3 shows a reconstruction of the arborization from a single pyramidal 
cell. CA3 projects to the lateral septal nucleus; essentially all these cells also 
project to the CA1 area (Risold and Swanson, 1997a, 1997b). In turn, the 
major subcortical input to CA3 arrives from the septal nuclei, particularly the 
medial septal nucleus, and nucleus of the diagonal band of Broca (Witter et 
al., 2004; Vertes and Kocsis, 1997). This input ends mainly on GABAergic 
interneurons (Freund and Antal, 1988; Gulyás et al., 1990; Witter et al., 
2004). The CA3 area also receives inputs from the amygdaloid complex, and 
locus coeruleus. Diffuse and sparse serotonergic fibers have also been 
described in the CA3 area (Freund et al., 1990; Witter et al., 2004; Vertes and 
Linley, 2007). The same case as for the dentate gyrus occurs in CA3, where 
serotonergic fibers arise as collaterals from cells targeting the medial septum 
as well (McKenna and Vertes, 2001) and contact mainly with interneurons 
and distal dendrites of pyramidal cells (Freund et al., 1990). With regard to 










The CA1-bound collaterals of 
the CA3 pyramidal cells. Top: 
A, A single CA3 pyramidal 
neuron with its collaterals. B, 
Axon collateral distribution in 
higher resolution. The high 
arborization level suggests a 
similar degree of probability of 
making contact with nearby and 
distant neurons. This single cell 
had more than an estimated 
60,000 synaptic boutons. Arrows 
indicate the cell body. 
Abbreviations: fx, fornix; MS, 
medial septum. Modified from 
Buzsáki, 2006. 
 
The main projection from the CA1 region is to the adjacent subiculum. The 
fibers from the pyramidal cells of CA1 descend into the stratum oriens and 
bend sharply toward the subiculum. Additionally, CA1 receives a small input 
from the subiculum (Alkon et al., 1991; Johnston and Amaral, 2004; Witter et 
al., 2004). CA1 also shows some interneurons projecting extensively to CA3 
and the hilus of the dentate gyrus. These cells are located mainly at the 
stratum oriens/alveus border; their fibers form synapses onto dendrites of 
principal cells (Freund and Buzsáki, 1996; Witter, 2004). The CA1 area does 
not have a large number of collaterals within it, unlike the CA3 (Alkon et al., 
1991; Johnston and Amaral, 2004; Witter et al., 2004). The massive 
associational network and the extensive commissural projection, so clear in 
CA3, are missing in CA1. This is an important difference in the intrinsic 
organization between these two hippocampal areas (Buzsáki, 2006). The CA1 
area sends projections to the entorhinal cortex, which, in turn, is the main 
cortical exit of the hippocampal formation. The CA1 area also receives a 
substantially slighter septal projection than does CA3. These projections are 
most densely distributed in the stratum oriens (Witter et al., 2004). Another 







the basal nucleus (Witter et al., 2004; Pignatelli et al., 2012). Thalamic inputs 
arrive at CA1 and the subiculum through the nucleus reuniens. These fibers 
travel via the internal capsule and cingulum and not through the 
fimbria/fornix (Witter et al., 2004; Groenewegen et al., 2004; Vertes, 2006; 
Vertes et al., 2007). The noradrenergic, serotonergic, and dopaminergic 
projections to CA1 are slight, as in CA3 (Figure 1.4). Dopaminergic 
projections are distributed along the septo-temporal axis, but only 15% of 
these neurons appear to be dopaminergic (Prado-Alcala et al., 1984; Cazala et 
al., 1988; Gasbarri et al., 1997, 1994; Witter et al., 2004; Lassen et al., 2007). 
The raphe nucleus also projects to CA1; these raphe neurons also innervate 
the medial septum (Freund et al., 1990; McKenna and Vertes, 2001; Vertes 




Localization of neurotransmitters in the hippocampus. Horizontal sections of the 
hippocampus showing the distribution of noradrenergic, serotoninergic, and 









Another important difference between CA1 and CA3 areas is the quantity of 
extrinsic projections: the CA1 area has more projections. One of the most 
evident is to the lateral septal area, which also receives inputs from the CA3 
area. The projection from the CA1 area to the lateral septum terminates at 
levels more rostral than that from the CA3 (Risold and Swanson, 1997a, 
1997b; Witter et al., 2004). Basically, the CA1 shares most of its projections 
with the subiculum (Witter et al., 2004; Buzsáki, 2006).  
 
The CA1 area also gives rise to extrinsic connections to the retrosplenial 
cortex, the lateral septum, the nucleus of the diagonal band of Broca, the 
nucleus accumbens, the dorsal peduncle cortex, and pre- and infralimbic 
cortices. At the temporal level, the CA1 area also projects to the anterior 
olfactory nucleus, anterior and medial parts of the hypothalamus, and the 
accumbens nucleus, as well as to the amygdaloid region—specifically to the 
basal nucleus. Finally, a weak projection to the olfactory bulb has been 
reported (Pignatelli et al., 2012). Another prominent projection of the CA1 
area is to the medial prefrontal cortex. However, the number of fibers is lower 
than that of those originating from the subiculum (Witter et al., 2004; 
Buzsáki, 2006). The CA1 area has been related more with novelty detection 
and attention than with memory recall (Vinogradova, 2001; Fenton et al., 
2010; Ramirez et al., 2013). 
 
The major hypothalamic projection to the hippocampal formation arrives at 
the dentate gyrus from the supramammillary area (Segal and Olds, 1972; 
Vertes et al., 2004; Vertes, 2006). These fibers are mainly collaterals from 
cells that also project to the medial septum (Vertes and Kocsis, 1997; Witter 
et al., 2004). Another important input to the hippocampal formation comes 
from the raphe serotonergic fibers, which preferentially terminate on 







cholinergic projection, cells in the raphe nuclei projecting to the hippocampal 
formation appear to be non-serotonergic (Witter et al., 2004; Vertes, 2010). 
The main origin of raphe projections to the dentate gyrus is the medial raphe 
nucleus. Some other inputs from the pontine region in the brainstem have also 




1.3.1. Hippocampus and brain stimulation reward 
 
Reports relating the hippocampus and brain stimulation reward are mainly in 
early papers that described the capability of this structure to support brain 
stimulation reward responses. The electrical stimulation (60 Hz, 250 ms) in 
the hippocampus could be rewarding, but evoked a lower level of response 
rates than medial forebrain bundle stimulation. For example, a rate of 34 ± 12 
lever presses in 8 min (≈ 4 per min) has been reported for hippocampal 
stimulation, while forebrain bundle stimulation can reach the order of 
thousands per hour—that is, ≈ 50 per min in a fixed-ratio 1:12 schedule (i.e., 
one reinforcement per lever press) (Ursin et al., 1966). In particular, the brain 
stimulation of hippocampal CA3 and CA1 areas evokes higher response rates 
than that of the dentate gyrus. It has also been reported that the administration 
of GABA agonists suppresses the rewarding effect of hippocampal 
stimulation (Caudarella et al., 1982). A concurrent hippocampal stimulation 
in the CA3 area can also suppress the hypothalamic brain stimulation reward 
                                                          
2 Ratio Schedules: “The defining characteristic of a ratio schedule is that reinforcement 
depends only on the number of responses the organism has performed. A ratio schedule 
requires merely counting the number of responses that have occurred. Simple schedules of 
intermittent reinforcement deliver the reinforcer each time the required number is reached. If 
the required number is one (1:1), every occurrence of the instrumental response results in 








(Jackson and Gardner, 1974), whereas a lesion in the hippocampus induces an 
increased response rate (Caudarella et al., 1982). 
 
The current view linking the hippocampus with rewarding effects of brain 
stimulation is defined by the axonal projections to the ventral tegmental area. 
The dopaminergic neurons in the ventral tegmental area are tonically 
inhibited by local GABAergic neurons. Dorsal CA3 pyramidal neurons 
project to the lateral septum, which in turn sends GABAergic projections to 
GABAergic neurons in the ventral tegmental area. In this way, the 
dopaminergic neurons are released from GABAergic inhibition. Therefore, 
CA3 stimulation has as a result the disinhibition of dopaminergic neurons in 
the ventral tegmental area through GABA neurons in the medial septum 
finally producing the excitation of dopamine neurons (Luo et al., 2011; 
Welberg, 2011). Although several studies have reported that the hippocampus 
could support brain stimulation reward when stimulated, a solid anatomical 
theory about how this happens or about the mechanisms involved in the 
reward processing is still lacking (Ball and Gray, 1971; Buño and Velluti, 
1977). A recent study using stimulation of the medial forebrain bundle 
proposes a dual role of the hippocampus. The authors suggest that thanks to 
its hierarchical organization, the hippocampus can play a dual role in spatial 




















1.4. Hippocampus and septum 
 
The projections between the hippocampus and the septum are bidirectional. 
The hippocampal projections to the septum extend to medial parts of the 
medial septal nucleus and to the nucleus of the diagonal band. These 
descending projections from the hippocampus and subiculum run through the 
fimbria and fornix, using glutamate as neurotransmitter (Walaas and Fonnum, 
1980). The CA1 and subiculum innervate the ipsilateral lateral septal nucleus, 
and the CA3 reaches it bilaterally (Risold and Swanson, 1997a, 1997b; Luo et 
al., 2011; Welberg, 2011). Additionally, GABAergic fiber have been reported 
to extend from the CA1 area to the medial septum (Jinno et al., 2007). The 
hippocampal projections from CA1 and CA3 are topographically distributed 
in the lateral septal complex. The pyramidal cells in temporal parts of the 
hippocampus and subiculum innervate the ventral regions in the lateral septal 
nucleus; these are interconnected with hypothalamic areas (Risold and 
Swanson, 1997a, 1997b). More specifically, temporal pyramidal cells in CA3 
innervate in the caudal, CA1 in the ventral, and subiculum in the rostral part 
of the lateral septal nucleus. In turn, this nucleus influences various 
hypothalamic functions. The topographical arrangement suggests the 
existence of organized networks linking the hippocampus, septum, and 
hypothalamus. At the same time, the medial septal complex is the entrance of 
the information coming back from the hypothalamus. However, the 
hypothalamic medial zone nuclei can also influence the hippocampus, 
subiculum, and entorhinal cortex by means of projections in the nucleus 
reuniens of the midline of the thalamus (Risold, 2004; Groenewegen et al., 









1.4.1. The septo-hippocampal pathway 
 
The septal nuclei represent the main subcortical inputs to the dentate gyrus, 
which also receives inputs from the supramammillary region of the posterior 
hypothalamus, the brainstem, the locus coeruleus, and the raphe nuclei 
(McKenna and Vertes, 2001). One of the best-described characteristics of the 
medial septum is the massive projection to the hippocampus. In 1954, the 
presence of ascending projections from the septum to the hippocampus was 
documented for the first time (Daitz and Powel, 1954). The hippocampal 
formation is the main target of the medial septal nucleus (Figure 1.5). The 
medial septal nucleus and the nucleus of the diagonal band of Broca send 
fibers ipsilaterally, but some fibers also reach the contralateral hippocampus. 
The septo-hippocampal pathway reaches the hippocampus along four routes: 
the fimbria, dorsal fornix, supracallosal stria, and ventrally through and 
around the amygdaloid complex. These fibers make contact in all 
hippocampal areas, particularly in the dentate gyrus, innervating exclusively 
interneurons (Gulyás et al., 2003; Rubio et al., 2012). Septal fibers in the 
dentate gyrus innervate the polymorphic layer. In the hilus, these septal fibers 
impinge on proximal and distal dendrites of hilar mossy cells. In contrast, 
non-spiny hilar neurons (GABAergic interneurons) receive the septal 
projection on their somata and proximal primary dendrites (Lubke et al., 
1997). The nucleus of the diagonal band also innervates the hippocampus, as 
well as olfactory, cingulate, and entorhinal cortices, using GABA and 
acetylcholine. The lateral septal nucleus sends weak projections to the 
hippocampus (Staiger and Wouterlood, 1990; Risold and Swanson, 1997b). 
In general, the distribution of the fibers from the central region of the medial 
septum extends mainly to the dorsal hippocampus, whereas lateral and 
posterior areas reach the ventral hippocampus. The fibers from the diagonal 













hippocampal projections. A, 
Coronal section at rostral 
hippocampal level. B, Coronal 
section at caudal hippocampal 
level. Fibers labeled by injection of 
Phaseolus vulgaris leucoagglutinin 
(PHA-L) in the medial septum. 
Abbreviations: DG, dentate gyrus. 







The presence has been reported of three different neurotransmitters involved 
in the neural transmission from the septum to the hippocampus. Although 
GABAergic, cholinergic, and glutamatergic projections are generally 
accepted (Figure 1.6), confirmation of the glutamatergic projections is 
currently under debate (Freund and Antal, 1988; Gulyás et al., 1990; Freund 
and Buzsáki, 1996; Sotty et al., 2003; Risold and George, 2004; Colom, 2006; 
Habib and Dringenberg, 2009; Huh et al., 2010; Müller et al., 2012). 
Cholinergic and GABAergic septal fibers project to different types of 
hippocampal cell and innervate them differently. Currently, it is well known 
that the cholinergic septo-hippocampal projections are about 30% of the cells 
in the medial septal nucleus and about 50% of the cells in the nucleus of the 
diagonal band, while the GABAergic cells are 45-65% of all septo-























Schematic representation of septo-hippocampal projections between medial 
septum and dorsal hippocampus. A, An enlargement of the dotted area in B to 
illustrate the main projections and neurotransmitters involved in this circuit. Red lines 
indicate glutamatergic projections, blue lines indicate GABAergic projections, and 
green lines indicate cholinergic projections. The flux direction of neuronal information 
is indicated by arrowheads. Abbreviations: D, L, A, dorsal, lateral, anterior, LS, lateral 
septum; MS-DBB, medial septum-diagonal band of Broca nucleus; P, pyramidal cell; 
s.o., stratum oriens; s.p., stratum pyramidale; VTA, ventral tegmental area. Modified 
from Huh et al. 2010. 
 
The GABAergic projections make contact in the dentate gyrus and in the 
areas of the hippocampus, as well as in the parahippocampal region. This 
projection arrives on GABAergic non-pyramidal cells (Figure 1.7), contains 
glutamic acid decarboxylase, and is immunoreactive for cholecystokinin, 
somatostatin, or VIP (Gulyas et al., 1990). These projecting fibers can also 
contain one of the calcium-binding proteins (calretinin, calbindin, or 
parvalbumin; (Freund and Antal, 1988; Leranth et al., 1992; Freund and 
Buzsáki, 1996). The fibers of the SH-GABA projection are thick and 
myelinated; their synaptic contacts are essentially specific, innervating 
exclusively the body and proximal dendrites of hippocampal interneurons 
(Freund and Antal, 1988). As a characteristic, these types of contact have 
many thick synaptic bottons placed in the soma and proximal dendrites of 
their targets. Finally, the medial raphe nucleus innervates the cells of the 







collaterals (McKenna and Vertes, 2001). The neurons of the SH-GABA 
projection have as electrophysiological characteristic a fast spiking of action 
potentials, in burst, with higher frequencies than other septal neurons. Such 
cells are termed “fast-spiking”; this is a common characteristic of 

























The GABAergic septo-hippocampal connection originates in the medial septum 
and innervates hippocampal interneurons by forming complex baskets. Injection 
of biotinylated dextran-amine in the medial septum results in a strong labeling of 
septo-hippocampal axons in the hippocampus (HP). A, Whereas cholinergic axons 
(blue) innervate all types of hippocampal neuron, GABAergic axons (orange) 
establish contact only with interneurons (red circles). FF, fimbria-fornix; STR, 
striatum. B, Photomicrograph of a Nissl-stained section shows the site of injection of 
BDA in the MS/diagonal band (DB) complex. C, Some septal fibers forming baskets 
(arrows) are present in or close to the stratum pyramidale (sp) in the CA3 region of the 
hippocampus. so, stratum oriens; sr, stratum radiatum. D, Septal synaptic contacts 
(arrows) are arranged forming a characteristic basket around the somatic region of a 
neuron in the pyramidal cell layer. Scale bars: B, 500 µm; C, 100 µm (bar in B); D, 20 







In general, the septo-hippocampal pathway has a modulatory effect on a very 
large number of hippocampal cells. The two main kinds of neurotransmitter 
involved in this pathway are playing different roles. The cholinergic 
component exerts tonic activation on the pyramidal cells, whereas the 
GABAergic projections, because they are innervating exclusively inhibitory 
interneurons of pyramidal cells, exert a disinhibitory effect (Freund and 
Antal, 1988). This has been reported in preparations in vitro (Toth et al., 
1997). 
 
With regard to the behavioral changes related with the septo-hippocampal 
pathway, the available information reports that lesions in the septo-
hippocampal system are associated with changes in heart rate (Perez-Cruet et 
al., 1963) and emotional behaviors (Brady and Nauta, 1953). Lesions in the 
lateral septal nucleus induce the septal rage syndrome, while lesions of the 
medial septal complex are associated with various cognitive deficits (Gray 
and McNaughton, 1983; Wenk, 1997; Apartis et al., 1998; Vinogradova, 
1995; Sheehan and Numan, 2000). A progressive loss of cholinergic and 
GABAergic inputs to the hippocampal formation is associated with 
Alzheimer’s disease (Winkler et al., 1998; Rubio et al., 2012; Vega-Flores et 
al., 2013). It has been proposed that, in general, lesions in the septo-
hippocampal system result in selective loss in perception of environmental 
















1.5.  Hippocampus, septum, and cerebral rhythms 
 
The electrical activities of a large number of neurons result in a collective 
behavior that is reflected in the EEG. These neuronal networks can generate 
many different frequency bands, covering frequencies from < 0.05 Hz to > 
500 Hz (Buzsáki, 2006, 2012). In 1974, the International Federation of 
Societies for Electroencephalography and Clinical Neurophysiology 
introduced a first classification for cerebral rhythms (delta, 0.5–4 Hz; theta, 
4–8 Hz; alpha, 8–12 Hz; beta, 12–30 Hz; gamma, >30 Hz). As pointed out by 
Buzsáki, “the frequency border classification was done out of necessity, since 
the mechanisms and independence of the various oscillatory patterns were 
largely unknown at that time” (Buzsáki, 2006, 2012). In the present study, we 
will follow as closely as possible the updated proposal of Buzsáki (2006), in 
which the available information of generators and underlying mechanism is 
considered (delta, 1.5–4 Hz; theta, 4–10 Hz; beta 10–30 Hz; gamma 30–80 
Hz). Nevertheless, it is important to note that this Doctoral Thesis aims at the 
analysis of the frequency related with certain characteristics of brain 
stimulation reward beyond these band limits. In particular, we will pay 
particular attention to the frequencies corresponding to theta and gamma 
bands—major bands related with hippocampus, SH-GABA, and behavior. 
 
1.5.1. The theta rhythm 
 
The first description of theta rhythm was made by Jung and Kornmüller in 
1938 (Jung and Kornmüller, 1938). This brain rhythm gained preponderance 
after a relationship of theta oscillation with the orienting reflex was 
demonstrated in behaving cats (Grastyán et al., 1959). Initially, research was 
focused on the relationships between the rhythms of the brain associated with 







processes and behaviors in which the theta rhythm has been implicated are 
multitudinous (for reviews see Buzsáki, 2006; Colgin, 2013). Studies in 
humans report an increased spectral power in the low theta rhythm in patients 
with psychiatric disorders, pain, tinnitus, Parkinson’s disease, depression 
(Llinás et al., 1999), in addition some differences between humans and 
rodents have been reported (Cantero et al., 2003). In agreement with the 
scope of this Doctoral Thesis, the study will be focused on the most-relevant 
aspects concerning hippocampal and SH-GABA relationships reported in 
rodents. Early studies reported that theta oscillation amplitude increases 
during voluntary movements (Vanderwolf, 1969). Currently, it is well 
accepted that this rhythm increases during locomotion, but decreases during 
automatic behaviors such as grooming (Risold, 2004; Buzsáki, 2006; 
Adhikari et al., 2010). Theta activity has been linked mainly to aspects of 
memory formation in the hippocampus, attention, navigation, and 
consummatory and appetitive behaviors (Seager et al., 2002; Sirota and 
Buzsáki, 2005; Adhikari et al., 2010; Jurado-Parras et al., 2013; Colgin, 
2013). 
 
The theta activity recorded in the hippocampus is generated mainly by the 
interaction of the distinct postsynaptic potentials as well as from the activity 
of the dentate gyrus cells and the CA1 area (Buzsáki, 2002). The theta rhythm 
is classically defined as 4–12 Hz in rodents. In 1975, another type of theta 
rhythm was reported, corresponding to the lower part of the band (4-7 Hz). 
The main characteristic of this band is its sensitivity to atropine. Indeed, 
intravenous injections of atropine sulfate abolish the band (Kramis et al., 
1975; Vanderwolf et al., 1985). However, these data come mainly from 
anesthetized animals. In contrast, during EEG recordings from awake, 
walking rats, the amplitude and frequency of the theta rhythm do not 
substantially change after large doses of muscarinic blockers. In addition, the 
wave form recorded under atropine shows differences from that in the control 








The medial septum/diagonal band system is reported as necessary for theta 
rhythm in the hippocampus (Vinogradova, 1995; Colgin, 2013). Lesions of 
the medial septal complex are related with desynchronization in the theta 
band of the hippocampal formation (Vinogradova, 1995; Apartis et al., 1998). 
However, the hippocampus shows the capability of sustaining theta rhythm 
under isolated preparations in vitro (Goutagny et al., 2009; Huh et al., 2010). 
Although the hippocampus is able to generate theta rhythm, the in vivo 
reports support the notion that septo-hippocampal projections initiate theta 
rhythm and that the integrity of the septo-hippocampal pathway is necessary 
to keep it stable (Vinogradova, 1995; Buzsáki, 2002; Colgin, 2013). 
 
The mechanism proposed as responsible for the generation of the theta 
rhythm is a group of SH-GABA interneurons. The medial septum shows a 
type of GABAergic inhibitory interneuron acting as pacemaker for the 
rhythmic activity of the hippocampus (Toth et al., 1997). This type of cell 
expresses hyperpolarization-activated and cyclic nucleotide-gated non-
selective cation channels (Varga et al., 2008). The interneurons expressing 
these channels fire rhythmically at theta frequencies and are phase-locked to 
theta rhythms in the hippocampus (Hangya et al., 2009). According to this 
view, the level of excitation in the medial septum increases due to the inputs 
(mainly from hippocampus and brainstem) and locally, until reaching a level 
of sudden SH-GABA cell activation affecting the hippocampus, where is 
transmitted until synchronizing other intra-hippocampal oscillators with the 
septal rhythm, keeping the oscillation in phase (Toth et al., 1993; Hangya et 
al., 2009).  
 
In contrast, cholinergic neurons of the medial septum do not show rhythmical 
firing in the theta band (Simon et al., 2006). Therefore, these cholinergic 







case, cholinergic neurons are mainly modulating the excitability of other 
neurons to promote their firing in the theta band. Thus, the hippocampal-
septal projections may be playing an important role in the coupling of 
frequency between the hippocampus and septum (Colgin, 2013). 
 
1.5.2. The gamma rhythm 
 
Another very important cerebral rhythm in the hippocampus is the gamma 
(40-100 Hz). This rhythm is able to rapidly coordinate different groups of the 
main projecting cells. It has been reported that the cortico-hippocampal 
interactions in gamma band might facilitate cognitive processes in rodents 
and humans (Buzsáki, 1996, Cantero et al., 2004). The generation of this 
rhythm comes from a feedback loop in which the firing of pyramidal cells 
excites fast-spiking interneurons. In turn, the interneurons can rapidly inhibit 
the pyramidal cells (Buzsáki and Wang, 2012). It has been reported recently 
that the two main generators of the gamma rhythm in the hippocampus are the 
dentate gyrus and the CA3 area (Buzsáki and Wang, 2012). Some reports 
found that gamma oscillations persist without the theta rhythm (Buzsáki, 
2006, 2012). However, theta and gamma interactions are well documented, 
and it has even been reported that they co-occur (Colgin, 2013; Lisman and 
Jensen, 2013). The theta and gamma rhythms interact and frequently 
modulate each other (Chrobak and Buzsáki, 1998). Cross-frequency coupling 
is one of the main mechanisms reported in the interaction of these two 
rhythms (Lisman and Jensen, 2013).  
 
It has been proposed that the gamma rhythm is involved in the selection of 
characteristics that reach pyramidal cells of the hippocampus to associate 
different groups of items or even to retrieve the information necessary for the 
performance of a task and to select which items are going to be consolidated 








Currently, it is well known that the septal inputs are able to synchronize 
hippocampal neurons through GABAergic and cholinergic afferents. In the 
case of cholinergic drugs, it has been reported that cholinergic inputs target 
pyramidal cells and interneurons and can drive them to discharge upon an 
oscillatory theta frequency (Wu et al., 2000; Buzsáki, 2002, 2006; Huh et al., 
2010). However, studies in vitro show that the administration of cholinergic 
drugs results in the activation of SH-GABA cells; even the administration of 
muscarinic agonists does not excite cholinergic neurons—instead they inhibit 
subpopulations of cholinergic septo-hippocampal cells (Wu et al., 2000). A 
particular characteristic of the SH-GABA projections is that they target 
exclusively GABAergic interneurons throughout the hippocampal formation 
(Freund and Antal, 1988). The SH-GABA projection densely innervates the 
hippocampal interneurons—particularly the basket cells; this has also been 
proposed as an important role in the gamma band modulation (Pike et al., 
2000; Buzsáki and Wang, 2012). Additionally, the hippocampal basket cells 
are a kind of interneuron parvalbumin+ that shows a high degree of resonance 
at gamma frequency (Vida et al., 2006). These cells express gap junctions, a 
kind of junction that is a common factor among the cells with fast 
synchronization characteristics in the gamma band (Buhl et al., 2003; Buzsáki 















1.6.  Electroencephalographic (EEG) recordings and field 
postsynaptic potential (fPSP) 
 
The current flowing across the external resistance of the extraneuronal space 
sums with that of neighboring neurons to constitute a local potential. For the 
sake of simplicity, these local field potentials will be called here 
electroencephalographic (EEG) recordings. Thereby we will avoid any 
confusion with other terms used in this Doctoral Thesis (i.e., fPSP, fEPSP, or 
fIPSP). Historically, the EEG signal is also called local field potential (LFP3), 
corresponding to the signal recorded from a group of cells. EEG recordings 
represent the result of the neuronal activity generated by a small electrode in 
the brain. These recorded signals are a reflection of the cooperative actions of 
neurons. Any excitable membrane and any type of trans-membrane current 
contribute to the extracellular field recorded in the EEG. The EEG includes 
from fast action potentials to the slowest fluctuations in glial cells. Basically, 
the EEG is the superimposition of all ionic processes or—in other words—the 
“average” behavior of large numbers of interacting neurons (Buzsáki et al., 
2012). 
 
The pyramidal cells of the cortex, including the hippocampus, release 
glutamate, which depolarizes the target neurons. For this reason, glutamate is 
termed an excitatory neurotransmitter. In contrast, GABA typically 
hyperpolarizes the postsynaptic resting membrane, and for this reason the 
effect of GABA is termed inhibitory. When neurotransmitters activate 
receptors in a postsynaptic membrane, they facilitate or prevent the kinetic 
                                                          
3 During the present work, the abbreviation LFP will be avoided, but it is important to point 
out that the use of this term to refer to EEG is very frequent in research. “The term ‘local 
field potential’ (meaning an electric potential), is a regrettable malapropism, but we continue 







activity of selected Na+, K+, Cl–, and Ca2+ channels. As a consequence, the 
membrane potential will deviate from its resting voltage. To define these 
respective events, we will distinguish here excitatory postsynaptic potentials 
(EPSPs) from inhibitory postsynaptic potentials (IPSPs). When necessary, we 
will make a general reference to postsynaptic events, without distinguishing 
between the excitatory or inhibitory parts of the evoked field postsynaptic 
potential (fPSP). Changes of the membrane potential associated with EPSPs 
and IPSPs are severalfold smaller in amplitude than the changes associated to 
the fast action potentials. The EPSPs and IPSPs last for tens of milliseconds 
(Figure 1.8). For this characteristic, the EEG is able to record the activity of 
the fPSPs more clearly than that of the fast-action potentials. 
 
An increase in the open-state probability of membrane channels allows 
transmembrane ion movement, and is the source of ion flow in the 
extracellular space. The EEG recording reflects the linear sum of numerous 
overlapping fields. Due to the brain’s composition (extracellular fluid, 
neuronal and glial membranes, blood vessels), it is a low-resistance system, 
attenuating current propagation in the extraneuronal space. This characteristic 
is like a capacitive low-pass filter, and fast-rising events such as the spikes 
are more affected than the slow fPSPs that can last for many milliseconds. 
For this reason, the fPSPs can propagate much farther than can spikes. 
Additionally, due to the duration of the fPSPs, they have much more 
probability of being overlapped than the fast-action potentials. Finally, many 
more neurons display slow potentials than spikes in the same instant of 
time—i.e., the cells reach their spike threshold at different times. The slow 
EPSPs and IPSPs allow for the temporal summation of currents of relatively 
synchronously activated neurons (Buzsáki, 2006). 
 
The number of neurons that can contribute to the EEG varies in relation with 
the electrode placement. With the use of very fine electrodes, the EEG is a 







Thus, the EEG corresponds to an electric field that is a weighted average of 
input signals (dendrites and cell bodies) of neurons in the vicinity of the 
electrode. When we use a small electrode placed close to the cell bodies of 
neurons, extracellular spikes can also be recorded. In a small volume of 
neuronal tissue, we will always find a statistical relationship between EEG 
reflecting fPSPs and the spike outputs of neurons. This relationship 
progressively decreases with increasing electrode size (Buzsáki, 2006). 
 
1.6.1. The field postsynaptic potential (fPSP) split into its 
excitatory (fEPSP) and inhibitory (fIPSP) parts 
 
Most reports on fPSP recorded in the CA1 area and evoked by electrical 
stimulation of the ipsilateral Schaffer collaterals are concentrated on changes 
associated with the excitatory part of this field potential, called fEPSP. It is 
well established that this early component (latency to the beginning around 3-
6 ms) is dependent on the action mediated by glutamate receptors (Citri and 
Malenka, 2008; Buzsáki et al., 2012). However, it has also been reported that 
the fPSP includes a late component (latency to the beginning around 12–15 
ms) termed fIPSP, dependent on the action mediated by GABA receptors 
(Collingridge et al., 1983a, 1983b; Schwartzkroin, 1986; Bliss and 
Collingridge, 1993). Available reports indicate that the fIPSP component 
shows two parts, the first mediated by GABAA receptors, with a latency 
around 12-15 ms, and the second mediated by GABAB receptors, with a 
latency around 20-30 ms (Isaacson et al., 1993; Johnston and Amaral, 2004; 
Nava-Mesa et al., 2013). Figure 1.8 summarizes how the different 





















Schematic representation of the excitatory (fEPSP) and the two inhibitory parts 
(fEPSP) of fPSPs evoked in the dorsal hippocampus by medial septum 
stimulation (St.). An illustration of how fPSPs are divided to compute the early 
fEPSP and the late fIPSP, as well as the neurotransmitters involved, in order to 
determine the peak-to-peak amplitude (dashed arrowheaded lines). The arrow for the 
GABAB component indicates the start of the component that could last up to 300 ms. 
The starting latencies for the three different components measured were: in the fEPSP, 
Glutamate (GLU), 2-5 ms; and in the fIPSP, GABAA, 12-15 ms, and GABAB, 26-32 
ms. 
 
1.6.2. Spectral power 
“The power law of EEG recordings describes a relationship between the 
amplitude of the extracellular signal and its temporal frequency” (Buzsáki et 
al., 2012). Due to the peculiar nature of EEG signals, it is necessary to apply 
specific analytical methods. The neuronal signal is composed of many signals 
coming from projecting neurons, interneurons, glial cells, etc. In general, the 
EEG is the linear sum of continuous membrane field potentials and action 
potentials. EEG signals are made by continuous and point processes. In 
general, brain activity has multiple frequencies and evolves over time. 
Consequently, their analysis requires a combination of analytical methods. 
The early tools were developed in function of the time or the frequency. A 
frequency-domain representation then shows how much of the signal lies 
within each given frequency band over a range of frequencies, whereas a 







time (Buzsáki, 2006). The EEG signals contain multiple-frequency 
components and can be reproduced by the combination of sine waves. The 
analysis based on Fourier methods is very useful for this. Developed by Jean 
Baptiste Joseph Fourier, Fourier analysis takes the EEG signal and 
decomposes it into a set of sine waves. After the signal is decomposed, a 
compressed representation of the relative dominance of the various 
frequencies can be constructed. This representation is termed the spectral 
power of the selected signal. 
 
The Fourier analysis transforms the signal, defined in the time domain, into 
one defined in the frequency domain. After the definition of this analytical 
method, the so-called fast Fourier transform (FFT) was developed. This is a 
modified Fourier method, sharing the basis with its predecessor, but 
providing a quantitative answer regarding the power relationship between the 
frequencies, thereby attempting to quantify how the frequency content of the 
signal changes over time. With this method, the EEG signal can be divided 
into multiple short epochs, where the Fourier transform is calculated for each 
epoch. In this way, it is possible to make the representation of successive 
power spectra and the evolution of frequency content across time (Buzsáki et 
al., 2012). Using a narrow window provides a good time resolution, which is 
an essential factor for behavioral analysis (Domjan, 2010). In this way we are 






















































Today there is plenty of information about functional relationships between 
hippocampal mechanisms and novelty detection, attention, spatial navigation, 
and associative learning and memory processes (Bliss and Collingridge, 
1993; Vertes, 2005; Lisman and Grace, 2005). However, little information is 
available about hippocampal mechanisms involved in the processing of 
rewarding mechanisms, although there is general agreement regarding the 
involvement of hippocampal synapses in certain associative learning tasks. 
For example, changes in field excitatory postsynaptic potentials (fEPSPs) 
recorded at the CA3-CA1 synapse have been related with the acquisition 
and/or execution of different types of learning (Johnston and Amaral, 2004; 
Gruart et al., 2006; Whitlock et al., 2006; Citri and Malenka, 2008; Clarke et 
al., 2010; Jurado-Parras et al., 2013). Another well-accepted mechanism is the 
rhythmic activity recorded in different hippocampal areas, although the 
changes in the different frequency bands (mainly theta and gamma) recorded 
in the hippocampus, and their relationship with the observed behaviors, is still 
under debate (Vinogradova, 1995; Buzsáki, 2006; Colgin, 2013; Lisman and 
Jensen, 2013). 
 
On the other hand, the septal area has been classically described as a 
rewarding zone able to support brain stimulation reward behaviors with more 
stable-characteristics than other brain-rewarding structures do (Olds, 1958; 
Cazala et al., 1988; Carlezon and Chartoff, 2007; Wise, 2009). Anatomically, 
it is well described that the medial septum sends mainly GABAergic and 
cholinergic projection fibers to all areas of the hippocampal formation. In 
turn, different hippocampal areas innervate the septal complex (Freund and 
Antal, 1988; Gulyás et al., 1990; Freund and Buzsáki, 1996; Sotty et al., 
2003; Gulyás et al., 2003; Risold, 2004; Colom, 2006; Habib and 
Dringenberg, 2009; Huh et al., 2010; Müller et al., 2012), but probably the 
main projection responsible for the rhythmic activity is that of the 
GABAergic cells (Toth et al., 1997; Colgin, 2013). However, the behavioral 
relation of the SH-GABA pathway and the nature of the neural information 








Finally, the hippocampus is a well-known cortical structure related with the 
cognitive processes driving brain-rewarding behaviors. In turn, these 
behaviors can be strongly determined by their rewarding value, although not 
much is known about hippocampal mechanisms that may be related with the 
processing of this reward. Furthermore, septal brain stimulation rewards 
could exert their effect on the hippocampus through the GABAergic septo-
hippocampal pathway.  
 
For all the above reasons, we designed the present study, divided in three 
experiments, to describe the changes in the hippocampal mechanisms 
associated with several aspects of septal brain stimulation reward, evaluating 
mainly GABAergic properties of the septo-hippocampal pathway. To address 
this point, we decided to analyze the hippocampal activity in vivo by the 
evaluation of fEPSPs and fIPSPs and rhythmic activity in the dorsal CA1 
area, and the changes evoked by the activation of the septo-hippocampal 
pathway. 
 
• Experiment 1: 
 
o To evaluate the changes in hippocampal (CA3-CA1) fEPSPs related with 
the learning process of brain stimulation reward in J20 mice, a transgenic 
model with deficiency in the septo-hippocampal GABAergic pathway. 
 
o To evaluate the changes in hippocampal fIPSPs evoked in the CA1 area 
related with the learning process of brain stimulation reward in J20 transgenic 
mice. 
 










• Experiment 2: 
 
o To evaluate the changes in hippocampal (CA3-CA1) fEPSPs related with 
the learning process of septal brain stimulation reward in C57BL/6J mice. 
 
o To evaluate the changes in the fIPSPs evoked in the CA1 area related 
with the learning process of septal brain stimulation reward in C57BL/6J 
mice. 
 
o To describe the changes in the rhythmic activity related with the value of 
reward during the septal brain-stimulation paradigm. 
 
 
• Experiment 3: 
 
o To describe the effect of intra-hippocampal administration of 
GABAergic and cholinergic drugs on fEPSPs evoked at the CA3-CA1 
synapse in association with septal brain stimulation reward performance. 
 
o To describe the effect of intra-hippocampal administration of 
GABAergic and cholinergic drugs on fIPSPs evoked in the CA1 area in 
association with septal brain stimulation reward performance. 
 
o To describe the effects on hippocampal rhythmic activities of intra-
hippocampal administration of GABAergic and cholinergic drugs related with 














In order to address all the above contentions, for Experiment 1, J20 
transgenic and wild-type mice were implanted with stimulating electrodes in 
the Schaffer collaterals of the right dorsal hippocampus and with recording 
electrodes in the ipsilateral hippocampal CA1 area. Animals were also 
implanted with stimulating electrodes in the ipsilateral medial septum for 
brain stimulation reward. In Experiment 2, and using the same preparation of 
electrodes as in Experiment 1, we compared three different frequencies of 
medial-septum stimulation as a reward. Animals were tested with a two-
choice frequency reinforcement preference task. Finally, Experiment 3 was 
carried out with a similar set-up of electrodes, but with an additional guide 
cannula implanted in the dorsal hippocampus to test the effect of different 






























































































All experiments included in this Doctoral Thesis were carried out in 
accordance with the guidelines of the European Union Council (2003/65/EU) 
and Spanish regulations (BOE 252/34367-91, 2005) for the use of laboratory 
animals in chronic studies. In addition, these experiments were approved by 
the local Ethics Committee of the Pablo de Olavide University. Animals were 
collected from various official suppliers (see below). Upon their arrival, 
animals were housed in shared cages (5 per cage), but they were switched to 
individual cages after surgery. Mice were kept on a 12 h light/dark cycle with 
constant ambient temperature (21.5 ± 1 °C) and humidity (55 ± 8%). Food 
and water were available ad libitum. 
3.1. Animals 
 
Experiment 1: Brain stimulation reward experiments were carried out in 
mature (6/8-month old, 25–35 g) hemizygous transgenic male mice 
expressing human amyloid precursor protein carrying both the Swedish and 
Indiana familial Alzheimer’s disease mutations (i.e., the J20 line; Mucke et 
al., 2000; Palop et al., 2003). These mice and their corresponding wild-type 
littermates were provided by the University of Barcelona Animal House 
(Barcelona, Spain) or by Drs Joaquín del Rio and Alberto Pérez-Mediavilla 
(CIMA Animal House, University of Navarra, Pamplona, Spain). Additional 
mature (6/7-month old, 24–35 g) wild-type male mice (C57BL/6J strain) 
obtained from an official supplier (University of Granada Animal House, 
Granada, Spain) were used for the brain stimulation reward (with GAD65Ab-
treatment) study. For the spectral power analysis performed in J20 mice, male 









Experiments 2 and 3: These experiments were carried out with mature (6-
month-old, 24-35 g) male C57BL/6J mice, obtained from an official supplier 
(University of Granada Animal House, Granada, Spain). Although a total of 
90 mice started the experimental protocols, the final number of animals used 
in each experiment is indicated at the appropriate places. 
 
3.2. Surgery  
Experiments 1, 2, and 3. Animals were anesthetized with 0.8-1.5% 
isoflurane delivered via a mouse anesthesia mask (David Kopf Instruments, 
Tujunga, CA, USA). The anesthetic gas was supplied from a calibrated 
Fluotec 5 (Fluotec-Ohmeda, Tewksbury, MA, USA) vaporizer, at a flow rate 
of 1–2 L/min oxygen (AstraZeneca, Madrid, Spain). Animals were implanted 
with bipolar stimulating electrodes in the right medial septum (0.1 mm lateral 
and 0.6 mm anterior to bregma, and 3.8 mm from the brain surface; Paxinos 
and Franklin, 2001) and in the ipsilateral Schaffer collateral/commissural 
pathway of the dorsal hippocampus (2 mm lateral and 1.5 mm posterior to 
bregma, and 1-1.5 mm from the brain surface; Paxinos and Franklin, 2001). A 
recording electrode was aimed at the CA1 stratum pyramidale (1.2 mm lateral 
and 2.2 mm posterior to bregma, and 1-1.5 mm from the brain surface; 
Paxinos and Franklin, 2001). Electrodes were made from 50 µm, Teflon-
coated, tungsten wire (Advent Research, Eynsham, UK). A bare silver wire 
was affixed to the bone as ground. All the implanted wires were soldered to a 
six-pin socket (RS Amidata, Madrid, Spain) and were then fixed to the skull 
with dental cement (Figure 3.1; see Gruart et al., 2006 and Vega-Flores et al., 
2013, for details). For Experiment 2 an additional group was prepared 
without the CA3 electrode, to rule out the putative effects of this electrode on 
EEGs. No statistical differences were found between original and additional 
group under baseline circumstances, so they were analyzed as a single group. 
In Experiment 3, for the administration of drugs, the selected animals were 
also implanted chronically with a blunted, stainless steel, 26-G guide cannula 
(Plastic One, Reanoke, VA, USA) in the CA3-CA1 area, close to the 
 





hippocampal stimulating and recording electrodes (1.8 mm posterior to 
bregma, 1.6 mm lateral to midline, and 0.8 mm below the brain surface; 
Paxinos and Franklin, 2001). The tip of the cannula was aimed to be located  
≈ 0.25 mm above the infusion target. Injections were carried out with a 33-G 
cannula, 0.25 mm longer than the implanted guide cannula and inserted inside 

























Electrode placement and verification. Surgery: A, Animals were chronically 
implanted with stimulating (St.) and recording (Rec.) electrodes aimed to activate and 
record from CA3-CA1 synapses in the right dorsal hippocampus. In addition (right 
schematic drawing), a bipolar stimulating electrode was implanted in the medial 
septum (MS). Only for the animals used in Experiment 3, a guide cannula (in gray) 
was also implanted. B, Photomicrographs illustrating the location (arrows) of a CA1 
recording electrode (1), a cannula (2), a CA3 stimulating electrode (3), and medial 
septum stimulating electrode (4). Abbreviations: coll., collaterals; CPu, caudate-
putamen complex; DG, dentate gyrus; fx, fornix; LS, lateral septal nucleus; LV, lateral 
ventricle; NAcC, core of the accumbens nucleus; D, L, A, dorsal, lateral, anterior. 
 





3.3. Electrophysiological recordings 
Experiments 1, 2, and 3. Recording sessions started one week after surgery. 
EEG and fPSP recordings were made with Grass P511 differential amplifiers 
through a high-impedance probe (2 × 1012 Ω, 10 pF). The electrical stimulus 
presented to Schaffer collaterals consisted of a 100 µs, square, biphasic single 
pulse. The stimulus intensity for evoked fPSPs (from 0.02 mA to 0.5 mA) 
was set well below the threshold for evoking a population spike, usually 35% 
of the intensity necessary for evoking a maximum fEPSP response 
(Gureviciene et al., 2004; Gruart et al., 2006). 
 
For Experiment 1, prior to the brain stimulation reward protocol (see next 
section) we performed input/output and paired-pulse facilitation tests in J20 
and wild-type mice. For input/output curves, animals were stimulated in the 
CA3 area with two pulses (40 ms of interstimulus interval) of increasing 
intensity (≈ 0.05–1.0 mA) until reaching a maximum fEPSP response. Data 
were normalized using as 100% the highest amplitude (average of five 
selected sweeps with the same stimulation intensity) of the first fEPSP of 
each mouse as its own baseline. Additionally, the ratio “2nd fEPSP/1st fEPSP 
× 100” and the total response “1st fEPSP + 2nd fEPSP” were evaluated 
(Figure 2.2). For the paired-pulse facilitation test, the intensity was fixed in 
accordance with the threshold for each mouse, between 30–40% of the 
intensity necessary for evoking a maximum fEPSP response. The effects of 
paired pulses of different (10, 20, 40, 100, 200, and 500 ms) interstimulus 
interval were measured. Data are presented (the average of five selected 
sweeps with the same interval) using the same ratio as for the input/output 
test [(2nd/1st) × 100], but for every interstimulus interval (Figure 2.3). The 
stimuli of these two tests (input/output and paired-pulse) were repeated ≥ 5 
times with time intervals of 10 s, to avoid as much as possible interferences 
with slow short-term potentiation (Zucker and Regehr, 2002). In all cases, we 
computed fEPSP amplitudes in a normalized way, taking each mouse as its 
own baseline. This is indicated in each figure as a horizontal dotted line. 
 






In addition, for Experiment 1 we decided to evaluate the characteristics of 
the early and late long-term potentiation (LTP) evoked at the CA3-CA1 
synapse and its effect on brain stimulation reward performance (see next 
section). In order to address this additional aim, LTP was induced around the 
6th day of brain stimulation reward in J20 mice, their wild-type littermates, 
and C57BL/6J mice. The C57BL/6J mice were prepared with a guide cannula 
(same preparation as in Experiment 3) for intrahippocampal administration of 
anti-GAD antibody (see intrahippocampal microinjections section) in order to 
compare with data collected from J20 mice. For LTP induction in behaving 
mice, we followed procedures described previously (Gruart et al., 2006). 
Baseline values for the amplitude of fEPSPs evoked at the CA3–CA1 synapse 
were collected 15 min prior to LTP induction using single 100 μs, square, 
biphasic pulses every 20 s. Pulse intensity was the same as during behavioral 
tests carried out with each mouse. Baseline values collected from the first day 
were taken as the normalization value (100%) for the next two days 
(illustrated in Figures 4.8 and 4.9 as a dotted horizontal line). For LTP 
induction, animals were presented with a high-frequency stimulation session 
consisting of five 200 Hz, 100 ms trains, each of 20 pulses at a rate of 1/s 
repeated six times, at intervals of 1 min—that is, a total of 600 pulses were 
presented during the high-frequency stimulation session. To avoid evoking 
large population spikes and/or the appearance of cortical seizures, the 
stimulus intensity during the high-frequency stimulation session was set at the 
same intensity as that used for generating baseline recordings. After the high-
frequency stimulation session, exactly the same single-stimulus parameters as 
for baseline recordings were presented for the following 30 min. On days 2 
and 3, the same high-frequency stimulation session was repeated following a 
baseline recording session lasting for 15 min, and was followed by a 30-min 
recording session. All LTP data were normalized using as 100% the baseline 
fEPSP values collected on the first day; in this way, we could evaluate early 
and late LTP. 
 





3.4. Procedures for determination of brain stimulation reward 
protocol 
  
An additional pilot group of mice (C57BL/6J strain) was assigned for this 
procedure. In accordance with previous reports, we performed some tests to 
corroborate and to adjust the brain stimulation reward parameters. Some 
parameters for septal stimulation were taken as in preceding reports, such as 
the length of the train (20 square bipolar pulses) and the frequency (100 Hz) 
for evoking a stable operant response (Ward, 1959; Cazala et al., 1988; 
Carlezon and Chartoff, 2007), but other parameters were tested to design our 
own brain stimulation reward protocol. As a first step, we defined the 
intensity threshold for evoking a stable response during brain stimulation: a 
performance versus intensity relationship was determined in previously 
trained mice. Septal stimulation was carried out applying increasing intensity 
steps of 0.20 mA to evaluate the evoked performance. In accordance with 
previous reports (Olds and Milner, 1954; Hodos and Valenstein, 1962; 
Miliaressis and Rompre, 1987), during the first two sessions the intensity 
threshold was adjusted and fixed for all animals. The behavioral criterion for 
selecting optimal brain stimulation reward intensity for each animal was a 
minimum constant bar pressing (see below) in the absence of any observable 
motor arrest, general body reaction, or overt movements associated with 
medial septum train stimulation (Carlezon and Chartoff, 2007; Vega-Flores et 
al., 2013). 
 
In the next step we defined the ideal time after reward (i.e., after the septal 
train stimulation) to deliver a single pulse in the CA3 area (i.e., in Schaffer 
collaterals) and thereby evaluate the changes in fEPSPs and fIPSPs evoked in 
the CA1 area related with septal brain stimulation reward. For this, we swept 
a time range of 80 ms after the end of the septal stimulation, stimulating in 
the CA3 area to determine the point of maximum effect on fEPSP amplitude. 
Finally, following a previous report (Gallistel, 1966), we determined in the 
 





fEPSP the possible effect of the schedule chosen for the brain stimulation 
reward. We searched for a possible change in the fEPSP amplitude associated 
with a fixed-time-interval schedule with 5 seconds of time-out (FI5). The 
fixed-time-interval schedule is defined as a “reinforcement schedule in which 
the reinforcer is delivered for the first response that occurs after a fixed 
amount of time (5 seconds in the current study) following the last reinforcer” 
(Domjan, 2010). To address this, recordings were made of manually evoked 
CA3 stimulation every 5 seconds for 30 min. With this procedure, we were 
simulating a perfect performance during the brain stimulation reward 
protocol—in other words, the highest rate possible of septal and hippocampal 
stimulation. Additionally, the FI5 schedule helped to minimize the risk of 
induction of epileptic seizures frequently reported with a high rate or intensity 
of septal stimulation (Hodos and Valenstein, 1962; Cazala et al., 1988). 
 
3.5. Brain stimulation reward protocol 
  
The protocols Shaping and Brain stimulation reward took place in a Skinner 
box module measuring 12.5 cm × 13.5 cm × 18.5 cm (MED Associates, St. 
Albans, VT, USA) equipped with a lever (or two, for the two-choice 
frequency reinforcement preference protocol in Experiment 2, see below). 
The shaping (Sh, Figure 3.2A) protocol was carried out as follows: i) The 
animal was placed for 5 min in a small box (5 cm × 5 cm × 10 cm) located 
beside the Skinner box. In this situation, the animal was stimulated at the 
CA3-CA1 synapse at a rate of 6 stimuli/min for 5 min, to establish the 
baseline records (BL, Figure 3.2). ii) Afterwards, the animal was placed for 
20 min in the Skinner box, where it was shaped to press the lever to receive a 
train of pulses (bipolar, 100 μs pulses presented at 100 Hz for 200 ms, with 
intensity ≤ 2 mA) in the medial septum, using an FI5 schedule in accordance 
with previous reports (Gallistel, 1966). This train was followed 40 ms after its 
end by a single pulse presented at the CA3-CA1 synapse (SB, Figure 3.2). 
iii) Finally, the animal was returned to the small box for a recovery period (5 
min), during which it was stimulated at the CA3-CA1 synapse at the initial 
 





rate of 6 stimuli/min (R, Figure 3.2). For analysis, fPSPs collected from the 
CA1 area during the shaping in the Skinner box were compared, using the 
corresponding baseline values recorded during the same day and session as a 














Brain stimulation reward protocol. A, A shaping session (Shaping, Sh) consisting of 
i) a baseline (BL; 5 min) period for fPSP recordings in the CA1 area with the animal 
located in a small box; ii) up to 10 shaping sessions (20 min each) in a Skinner box 
(SB), during which the animal was presented with a manual train of stimuli to the 
medial septum as reinforcement followed 40 ms later by a single pulse applied to 
Schaffer collaterals contingent to the lever approaches; and iii) a recovery recording 
period (R; 5 min) with the animal again located in the small box. B, Finally, the 
animal was allowed to carry out a brain stimulation reward (BSR) by itself. For this, 
we used the same recording times (BL, SB and R) as for shaping. Reinforcements (Sh 
and BSR) could be received at a maximum rate of one/5 s—i.e., with the same fixed-
time-interval schedule (FI5). Only one session (Sh or BSR) per day was carried out. C, 
A diagram summarizing the experimental protocol. Some of the following figures will 
show this summarized diagram, with specific indication (gray tones) indicating the 
current stage. 
 
The shaping was applied following the successive-approaches method. 
Briefly, this method consists of the manual reinforcement of approaches to 
the lever during spontaneous exploration around the Skinner box, with 
gradually higher requirements for the delivery of each reinforcement, as well 
as the non-reinforcement of non-associated response forms (Domjan, 2010). 
This shaping protocol was applied for a maximum of 10 daily sessions, and 
 





was suspended when the animal reached criterion. The criterion was that the 
animal performed of its own accord at least one lever press during a 30-
seconds period along a minimum of 10 minutes. In addition, this response 
should present an increasing rate across sessions; this was defined following 
previous reports (see Olds, 1954). It is important to note that a fast starting 
rate was not possible due to the FI5 schedule, which entails a time-out of 5 s. 
Animals that did not reach the selected criterion during the 10 shaping 
sessions were eliminated from the study. The brain stimulation reward 
protocol was started the day after the criterion was reached. Shaping sessions 
were followed by several brain stimulation reward sessions. These were 
organized as described for shaping sessions, but in this case, train stimulation 
of the medial septum was carried out only when the animal pressed the lever 
of its own accord. As in the shaping stage, during brain stimulation reward 
sessions, reinforcements could be received at a maximum rate of one/5 s 
─i.e., with the same FI5 schedule.  
 
3.6. Preference test design  
 
For Experiment 2, and in accord with previous reports (Hodos and 
Valenstein, 1962; Routtenberg and Lindy, 1965; Cazala et al., 1988), we 
designed a two-choice frequency reinforcement preference test. Two 
conventional levers were placed in the short wall forming the right-hand side 
of the Skinner box, with a separation of ≈ 4 cm between them. The group of 
animals used here had free access to two levers, each delivering 100 Hz as 
reinforcement frequency from the first day of shaping. All mice were trained 
to use the two levers in an unbiased way during a minimum of the three days 
before the preference test. To rule out the laterality effect seen in some mice, 
one lever was deactivated until lever presses were equalized to the normal 
situation with both levers activated. Only when the animals showed similar 
brain stimulation reward performance with both levers was the preference test 
carried out. During the preference test, the levers were programmed to deliver 
one of three reward frequencies (8, 20, and 100 Hz) depending on the 
 





experimental design. In accordance with preliminary studies, we chose these 
three different frequencies of reinforcement to clarify their rewarding effects 
through a large difference in Hz between trains. These frequencies were 
tested in the three available permutations: i) 100 Hz versus 20 Hz; ii) 100 Hz 
versus 8 Hz; and iii) 8 Hz versus 20 Hz. The order of presentation of the 
combination and day of test was equilibrated among mice. During the 
preference test session, the relationship between the frequencies that the 
levers delivered was inverted manually with the help of the digital/analog 
sequencer converter (CED 1401 Plus, Cambridge, England) when the mouse 
showed clear preference behavior for one lever (≈ 1 min without switching 
levers, and ≈ 5 min with fewer than 10 reinforcements at the “non-preferred” 
lever). This switching of the frequency of reinforcement between levers was 
carried out as many times as necessary during the 20-minute session. In order 
to see clear preference behavior, the preference test was applied from 3 to 4 
times per mouse (n = 9 animals) in daily sessions. 
 
3.7. EEG recordings 
 
For Experiment 1, the EEG recordings were carried out with the awake 
animal placed either in a small (5 cm x 5 cm x 5 cm) box to prevent walking 
movements or in a large (20 cm x 15 cm x 15 cm) box in which the animal 
could move freely. Recordings were carried out for 20 min, from which a 
section of up to 5 min of recording was selected for spectral analysis. The 
spectral power of the hippocampal EEG activity during recording sessions 
was computed with the help of the Mat Lab 7.4.0 software (MathWorks, 
Natick, MA, USA), using the fast Fourier transform (FFT) with a Hanning 
window, expressed as relative power and averaged across each condition. 
This average was analyzed and compared using the wide-band model, 
considering the following bands: delta (< 4 Hz), theta (4.1–12 Hz), beta 
(12.1–26 Hz), and gamma (26.1–100 Hz). 
 









In Experiments 2 and 3, and in order to analyze EEG during brain 
stimulation reward performance, we defined three time windows around each 
reward. EEG epochs each lasting 2.2 s were collected in advance of a brain 
stimulation reward train (A, from -4.4 s to -2.2 s and B, from -2.2 s to 0 s; see 
Figure 5A) and from 400 ms its end (C, 0.4 s to 2.6 s; see Figure 3.3A). Two 
kinds of representation for the root spectral power were used in the present 
work: color codes in planes trial by trial or on average (Figure 3.3B) and 
profiles of the total average (Figure 3.3C). The final spectral power of each 
time window was an average of all the EEG epochs after a visual selection 
process for artifact- and noise-free epochs. The 400-millisecond delay was 
aimed at preventing any direct interference of the electrical septal brain 
stimulation reward response (Figure. 4.4B) in the subsequent spectral 
analysis of the collected EEG. The frequency analysis is the dominant 
frequency using the fast Fourier transform. We normalized the spectral power 
data of EEG using first-day recording as reference data (after a habituation 
period during the awake passive stage). Analyses of the EEG and related 
scripts were developed with the help of the Spike 2 (CED) program. The 
spectral power parameters for EEG epochs were 8192 data points (3.7 kHz 
sampling) for FFT size, 2.2 s length, 0.4521 Hz resolution, Hanning window 
mode. The data processing included the analysis of mean values for each bin 
of the spectral powers among the different epochs (time windows A, B, and 
C) for the different reward frequencies (8 Hz, 20 Hz, and 100 Hz to medial 


































Design and representation of time windows for analysis of spectral powers 
related with behavior. A, Upper panel, one representative section of recording 
illustrating the brain stimulation reward of medial septum. From top to bottom, the 
reward (Reward; i.e., train stimulation of the medial septum), LFPs recorded (Rec) 
in the CA1 area, and lever presses (Lever), the positive duration represents the time 
that the animals kept the lever pressed. Bottom panel, detailed sections of A for one 
epoch around one reward. The magenta dashed lines indicate the extended areas. 
The recording channel shows (overlapped in color codes) the way in which the 
three time windows were constructed around the whole reinforcement delivery 
along the session. Each time window (A, B, and C) was 2.2 s in length. Three 
different colors were assigned arbitrarily—one to each time window: blue, 
red, and green respectively. 1 and 2, Two representations of the power spectrum 
related with behavior. 1, Power represented in color scale for a single trial. The 
whole spectrum (2-110 Hz) was divided into two parts in order to represent the 
results in low gamma (60-80 Hz) and low theta (2- 6 Hz) bands more clearly. The 
parameters of color representation were adjusted in order to show each band 
clearly. 2, Averaged power spectra of all the epochs (or trials) in the whole session 
for each time window (approximately 30 epochs visually selected as artifact- and 
noise-free). 
 







3.8. Intra-hippocampal injections 
 
In Experiment 1 we administered the human monoclonal antibody b78 
specific to the 65 kDa isoform of glutamate decarboxylase 65 (GAD65; Raju 
et al., 2005). At around the sixth brain stimulation reward session, the b78 
antibody was diluted in saline (1 μg/μL) and delivered through the injection 
cannula 30 min prior to the brain stimulation reward session. The injection (1 
μL) was administered with a SP100i pump (WPI, Sarasota, FL, USA) at a 
rate of 0.2 μL/min. 
 
In Experiment 3, one additional baseline recording was performed ≈ 5 min 
after injection to verify online the effect of the drug on fPSPs. After this, the 
session of brain stimulation reward was started. In order to record all 
experimental stages within a similar time of day to that in the other 
experiments, the recording time in the Skinner box was reduced to ≈ 15 min. 
For intrahippocampal injections (Figure 4.11), the selected drugs were 
dissolved in 0.25-0.5 μL of isotonic saline and injected through the injecting 
cannula at a rate of 0.1 μL/min with an SP100i pump (WPI, Sarasota, FL, 
USA). The GABAB receptor agonist baclofen (90 mM; Sigma-Aldrich, 
Madrid, Spain) and the selective antagonist CGP 35348 (100 μM; Tocris, 
Madrid, Spain) were used in this study. In addition, the cholinergic receptor 
agonist carbachol (0.5 mM; Tocris), the M1 muscarinic receptor agonist 
McN-A-343 (1 mM; Sigma-Aldrich) and the competitive non-selective 
muscarinic receptor antagonist atropine (7 mM; Sigma-Aldrich) were also 
used. Selected concentrations were determined in accordance with previous 
reports (Olpe et al., 1990; Isaacson et al., 1993; Davies and Collingridge, 
1996; Yanovsky et al., 1997; Leung and Shen, 2007) and following 
preliminary tests carried out in an implanted pilot group of mice not included 
in this study.  
 






3.9. Data collection and analysis 
 
In Experiments 1, 2, and 3, behavioral analyses were performed following a 
previous report (Hodos and Valenstein, 1962; Vega-Flores et al., 2013). In 
this case, we analyzed different parameters to evaluate brain stimulation 
reward performance, such as time spent in pressing the lever, the number of 
non-rewarded lever presses, and the latency to first reinforcement. However, 
significant differences were best represented by (the number of 
reinforcements obtained) / (the maximum number of possible 
reinforcements). 
 
EEG, fPSPs, 1-volt rectangular pulses corresponding to lever presses (one 
channel for each lever), and two marker channels (for the single-pulse 
stimulation of the CA3-CA1 synapse and medial septum train stimulation) 
were stored digitally on a computer through an analog/digital converter (CED 
1401 Plus). Data were analyzed off-line for quantification of brain stimulation 
reward performance, EEG, fEPSPs, and fIPSP using the Spike 2 (CED) 
program and video capture system. The amplitude (i.e., the peak-to-peak 
value in mV during the rise-time period) of 3-5 successively evoked fPSPs 
was computed and stored for further analysis. These computed results were 
processed for statistical analysis using the SigmaPlot 11.0 package 
(SigmaPlot, San Jose, CA, USA). Unless otherwise indicated, data are always 
represented as the mean ± SEM. Acquired data were analyzed with the two-
tailed Student's t test or the one-way or two-way ANOVA, mainly with days 
as repeated measure and with a contrast analysis for a further study of 
significant differences. For two-way ANOVA, the F[(m-1), (m-1) x (n-1)] statistics 
are shown, where m is the number of orders and n the number of mice. The 
corresponding degrees of freedom are reported accompanying the F statistic 
values (Grafen and Hails, 2002; Sánchez-Campusano et al., 2007). The 
quantitative analysis was restricted to fPSPs free of population spikes and 
 





noisy components, as well as of saturation signals, artifacts, or signs of 
instability. Additionally, the electrical recordings selected for analysis had to 
display clear fPSP components without any sign of epileptic activity 
(stimulus-evoked after-discharges, behavioral, or electrical ictal or post-ictal 
activity), as well as being recordings that did not deteriorate over time. 
 
For Experiments 2 and 3, and as statistical inference procedures, two-way 
ANOVA was used to assess the statistical significance of differences between 
time windows. The statistical significance test is the F[(m-1), (m-1) x (l-1)] statistic 
with α = 0.05. F-tests were performed with the orders m as the number of 
spectral power data points (142 data points, excluding the 41-59 Hz range, 
which is attenuated with a standard Grass P511 internal analog notch filter) 
and l as the number of time windows, where each average represents 25 to 30 
multivariate observations. The corresponding degrees of freedom are reported 
accompanying the F-statistic values, and the post hoc test applied was the 
Holm-Sidak method (Hair et al., 1998; Grafen and Hails, 2002; Sánchez-




For the proper location of implanted electrodes and/or cannulas, mice were 
perfused transcardially under deep pentobarbital anesthesia, with saline and 
then 4% paraformaldehyde in phosphate-buffered saline (PBS, 0.1 M, pH 
7.4). Brains were cryoprotected with 30% sucrose in PB, and coronal sections 
(50 μm) were obtained with a sliding freezing microtome (Leica SM2000R, 
Nussloch, Germany) and stored at -20 °C in 30% glycerol and 30% ethylene 
glycol in PB until used. Selected sections including the implanted sites 
(medial septum and hippocampus) were mounted on gelatinized glass slides 
and stained using the Nissl technique with 0.1% toluidine blue to determine 
 





the location of stimulating and recording electrodes and/or the implanted 
cannula (Figure 3.1B). The number of successful animals is indicated in each 
figure legend as the value of n, because it changes depending on the 
behavior, stage, and recording quality conditions. We considered successful 
experimental animals only those that reached all the behavioral criteria and 
























































































4.1. Differences in the functional properties of hippocampal circuits 
between wild-type and J20 mice  
The first experimental step was to test the functional properties of 
hippocampal circuits in behaving wild-type and J20 mice. During the input–
output test, the two groups separately [wild-type, F(19,171) = 12.128, P < 0.001; 
J20, F(19,171)= 2.050, P = 0.008] showed similar increases in the amplitude of 
the second fEPSP evoked in the CA1 area by the second of two pulses (40 ms 
of interstimulus interval) of increasing intensity presented to ipsilateral 
Schaffer collaterals (Figure 4.1A, B). Interestingly, and as already described 
in behaving wild-type mice (Madroñal et al., 2009), the input–output 
facilitation in the second fEPSP evoked in both groups of mice at low 
intensities was reversed into a depression at higher intensities, but the J20 
group showed a delay in switching the relationship between fEPSPs (Figure 
4.1C). Additionally, the total response obtained in this test (first + second 
fEPSPs) showed that J20 mice have significantly lower facilitation and 
























Input/output curves of 
the CA3–CA1 synapse in 
wild-type and J20 mice. 
Input/output curves were 
carried out with two pulses 
of increasing intensity. A 
and B, Top panel, 
representative averages 
(five sweeps) of fEPSPs 
recorded in the CA1 area of representative wild-type (left) and J20 (right) animals 
following paired-pulse stimulation (first St. and second St., at 40 ms interstimulus 
interval) of the ipsilateral Schaffer collaterals at two increasing (1: 0.35 mA; and 2: 0.90–
0.85 mA) intensities. Gray squares indicate the fEPSP that was further analyzed. A and B, 
Bottom panel, relationships between the intensity of the paired pulses presented to 
Schaffer collaterals and amplitudes of fEPSPs evoked in the CA1 area, corresponding to 
the first (white triangles) and the second (black triangles) pulses. Facilitation and 
depression were observed in wild-type and J20 (P < 0.001 and P = 0.008 respectively, 
indicated by asterisks) animals. C, Evolution of the paired-pulse ratio [(second/first) × 
100] with increasing stimulus intensity for the data illustrated in A and B. The arrow 
indicates the intensity at which the relationship between fEPSPs turns from facilitation 
into depression. D, Evolution of the total fEPSP response (first + second) to the pair of 
pulses with increasing stimulus intensity for the data illustrated in A and B. Note that J20 
animals show less facilitation and depression (*, P < 0.001) than wild-type mice at the 
indicated intensities; n = 10 animals per group. 
 
Using the paired-pulse test, we evaluated the synaptic facilitation evoked by the 
contiguity of a pair of pulses. This is a typical presynaptic short-term plastic 
property of the hippocampal CA3–CA1 synapse at short (<60 ms) intervals, and 
has been related to the process of neurotransmitter release (Zucker and Regehr 
2002; Madroñal et al., 2009). As illustrated in Figure 4.2, both groups of mice 







differences between them (F(5,45) = 1.542, P = 0.196). However, J20 animals 
showed (within their own group) a delayed facilitation—that is, the increase of the 
second fEPSP was significant only for 40 ms (P = 0.034) and 100 ms (P = 0.040) 
interpulse intervals, while for wild-type mice the paired-pulse facilitation was 
restricted to 10 ms (P = 0.01) and 40 ms (P = 0.007) intervals (Figure 4.2B). 
These results suggest that the short-term facilitation process was delayed to longer 






Effects of paired-pulse 
stimulation of the 
hippocampal CA3–CA1 
synapse in wild-type and J20 
mice. A, Representative 
averaged (five sweeps) records 
of fEPSPs evoked by paired-
pulse stimulation at three 
different (1: 10 ms; 2: 40 ms, 
and 3: 100 ms) time intervals, 
and using intensities (mA) 30–40% of the maximum response value for wild-type (left set 
of records) and J20 (right set of records) animals. Gray squares indicate the component of 
the fEPSP that was considered for analysis. B, Paired-pulse facilitation of fEPSPs 
recorded in the CA1 area following stimulation of the ipsilateral Schaffer collaterals. 
Paired-pulse facilitation was evoked by stimulating Schaffer collaterals with a fixed 
current (in accordance with animal’s threshold) between 30–40% of the intensity 
necessary for evoking a maximum (saturating or population spike) fEPSP response. 
fEPSP paired traces were collected at interpulse intervals of 10, 20, 40, 100, 200, and 500 
ms. Data shown are mean ± SEM amplitudes of the second fEPSP expressed as a 
percentage of the first fEPSP [(second/first) × 100] for each paired pulse averaged along 
the six interstimulus intervals used in this test. A delayed facilitation effect was found in 
J20 mice. The facilitation started at 40 ms (P = 0.034) and was maintained at 100 ms (P = 
0.040) with some remaining effects at 200 ms (P = 0.1). In contrast, wild-type mice 
presented paired-pulse facilitation from 10 ms (P = 0.01) until 40 ms (P = 0.007), but not 
at 100 ms (P = 0.299). The thicker line indicates statistically significant (*, P < 0.05) 
intervals. No significant differences between groups were found (P = 0.196, 2-way 








4.2. Behaving transgenic adult mice expressing mutated hAPP 
present lower hippocampal theta and gamma rhythms 
 
As the septo-hippocampal pathway is believed to have a significant effect on 
hippocampal network activity (Hangya et al., 2009), and this is altered in 8-
month-old J20 mice, we next examined whether the accelerated loss of the 
GABAergic septo-hippocampal pathway in this model is accompanied by 
oscillatory network activities of hippocampal circuits (Gaztelu and Buño Jr, 
1982). Field hippocampal activity was recorded with animals placed in small 
or large boxes to determine the contribution of overt motor activities to the 
spectral power of the bands. The theta and gamma rhythms of adult wild-type 
mice were better defined to the naked eye than those of adult J20 mice in both 
experimental situations (Figure 4.3). Spectral analysis showed that the theta 
and gamma bands had significantly (P = 0.04, Mann-Whitney rank sum test) 
greater spectral power in wild-type than in J20 mice for the 8-month-old 
group, with no significant differences in the other (delta and beta) bands 
(Figure 4.3E) when the animals were located in the small box. The theta and 
gamma bands also had significantly (P = 0.04, Mann-Whitney rank sum test) 
greater spectral power in 8-month-old wild-type than in 8-month-old J20 
mice when the animals were located in a larger box (Figure 4.3E). The same 
experimental procedure was carried out for 2-month-old wild-type and J20 
mice (Figure 4.3F). No differences were detected in the spectral power of 
any of the bands between wild-type and J20 mice in the 2-month-old group, 
in either the small or the large box (P = 0.095, Mann-Whitney rank sum test). 
These findings suggest that the decrease in the GABAergic septo-
hippocampal pathway observed in 8-month-old J20 mice correlates with 
decreased theta and gamma rhythm oscillations, and that these differences 










Spectral power distribution of LFPs collected from the hippocampal CA1 area. 
A–D, Examples of raw field activity recorded in pyramidal CA1 areas from 8-month-
old wild-type and J20 animals, when located in either a small box (A, B) or a large 
box (C, D). Note the different time scales for traces illustrated in panels A and C vs. 
those in panels B and D. Gray areas in panels A and C are illustrated in B and D at a 
smaller time scale. E, Spectral powers were computed from similar records collected 
from 8-month-old wild-type (n = 6) and J20 (n = 6) mice. Bar graphs (solid bars, wild-
type; open bars, J20) indicating the mean ± SEM power spectra are displayed for each 
frequency band. *, P = 0.004 for data collected in small boxes, P = 0.004 for data 
collected in large boxes; Mann-Whitney rank test. F, Note that there were no 
significant differences for any frequency band when power spectra were analyzed in 









4.3. Brain stimulation reward 
 
As a first step we verified the intensity threshold for a stable response during 
brain stimulation reward. The results from a curve of performance vs. 
intensity showed that the best threshold performance-intensity was around 2.0 
mA (P = 0.001, Figure 4.4A) Using this result as a basis, we chose 1 mA as 
starting point for the threshold, searching the first day of shaping (see 
Methods section for details). As the next step we defined the optimum time of 
delay for CA3 stimulation after septal reward. We found that the maximum 
effect was the decrease in the fEPSP amplitude at 40 ms (P = 0.01) (Figure 
4.4B, C). For this reason, we decided to use this time as delay between reward 
and CA3 pulse. The third step was to evaluate the fEPSP under simulated 
conditions of the highest performance during the FI5 schedule, because this 
was the schedule chosen for brain stimulation reward protocol. The results 
show that the fEPSP remained stable (P < 0.952), even for more than 30 min 
(Figure 4.4D). This allowed us to choose a fixed-time-interval schedule with 








Preliminary tests to determine 
brain stimulation reward 
parameters. A, The upper set of 
records illustrates a representative 
recording session performed to 
determine the intensity threshold 
for septal stimulation during brain 
stimulation reward. Five different 
intensities were tested. Lapses of 
time without lever activity were 
not computed. (Rew, reward; Rec, 
recording in CA1 area; Lever, 
lever activity). The lower panel 
shows the trend line (R² = 0.9526) 
of performance for the group. The 
stimulation threshold used in the 
present study is indicated as a 
black dot (n = 9). B, Averaged (10 
times) records collected in the 
pyramidal CA1 area following the 
train delivered to the medial 
septum with the intensity shown in 
A (black dot) without a single 
pulse presented to Schaffer 
collaterals or followed (section C) 
by 10, 20, 40, 60 or 80 ms of 
delay. Dashed lines in B indicate 
the delays tested. C, Top panel, 
Illustrative recordings (averaged 
10 times) collected after septal 
stimulation with a delay of 10, 20, 
40, 60 or 80 ms after the train's 
end with a CA3 pulse (St). Black 
arrow and dot show the delay 
chosen for the present study as 
indicated (*) in the bottom panel, 
where the significant decreasing 
effect was found (*, P < 0.05; **, 
P < 0.01). D, Stability of fEPSP 
amplitude during 35 min of 
automatic CA3 pulse stimulation 
with a fixed time interval of 5 s 









4.3. Wild-type mice present better brain stimulation reward 
performance and activity-dependent hippocampal synaptic 
depotentiation than J20 mice  
 
Firstly, we checked the effects of manual train stimulation of the medial 
septum on field responses evoked in the hippocampal CA1 area. In wild-type 
mice, train stimulation of the medial septum evoked a positive–negative (0.24 
± 0.05 mV, peak-to-peak) extracellular field potential with a latency to the 
beginning of 20 ± 5 ms that lasted for 100 ± 12 ms (Figure 4.5). The negative 
component was smaller and the positive component larger (0.41 ± 0.09 mV) 
in J20 mice than in the wild-type group (Figure 4.5A1). This significant (P = 
0.028; Student’s t-test) difference in the amplitude of field potentials evoked 
in CA1 by train stimulation of the medial septum was probably the result of 
the imbalance in the inhibitory direction between GABAergic and cholinergic 
septo-hippocampal projections observed in J20 mice (Palop et al., 2007; 
Rubio et al., 2012). 
 
In the next step, we studied the effects of train stimulation of the medial 
septum on fPSPs evoked in the hippocampal CA1 area by single pulses 
presented to the ipsilateral Schaffer collaterals. In accordance with previous 
reports (Collingridge et al., 1983a, 1983b; Schwartzkroin, 1986; Bliss and 
Collingridge, 1993; Vega-Flores et al., 2013), fPSPs evoked in the CA1 area 
by electrical stimulation of the ipsilateral Schaffer collaterals present three 
components: one with a positive phase, due to activation of glutamate 
receptors (fEPSP), and two subsequent negative components (fIPSP) 
corresponding to the successive activation of GABAA and GABAB receptors, 
respectively (Figure 1.8, 4.5A2). The mean latencies for these three 
successive components were 3.5 ± 1.25 ms (range 2.25-5 ms) for 
glutamatergic receptors, and 13.5 ± 0.9 ms (range 12-15 ms) and 30.3 ± 4.3 
ms (range 26-36 ms) for GABAA and GABAB receptors, respectively. Figure 







collected immediately (40 ms) after (Figure 4.5B, C, SB) brain stimulation 
reward, or in its absence (Figure 4.5B, C, BL and R). As previously defined, 
this early component of the fPSP is termed fEPSP. Similar fEPSP shapes 
have already been recorded in alert behaving animals (Gruart et al., 2006, 
Whitlock et al., 2006; Madroñal et al., 2009; Clarke et al., 2010; Carretero-
Guillén et al., 2013). Finally, Figure 4.5D-F shows the quantitative result for 
the comparison of brain stimulation reward versus recovery; this 
demonstrates that fEPSP amplitude returns to baseline after five minutes of 























Effects evoked in the 
CA3–CA1 synapse in WT 
and J20 mice by brain 
stimulation reward of the 
medial septum. A, 
Illustrative recordings 
(averaged 10 times) in the 
pyramidal CA1 area of a 
brain stimulation train in 
the medial septum in the 
absence of (1) or followed 
40 ms later by (2) a single 
pulse (St.) presented to 
Schaffer collaterals. 
Histograms at the top right 
represent the amplitude of 
the fEPSP evoked in the 
CA1 area of the 
hippocampus by medial 
septum stimulation in WT 
and J20 mice. B, 
Representative recordings 
(averaged 5 times) of 
fEPSP evoked in the CA1 
area by Schaffer collateral 
stimulation during BL 
recordings, immediately 
following a brain 
stimulation reward inside 
the Skinner box (SB), and 
during the recovery period 
(R), collected from a 
representative WT animal. 
C, As in B, but collected 
from a representative J20 
mouse. D, E, and F, A 
quantitative analysis of 
data shown in B and C. D, Note that brain stimulation reward produced a significant (***, 
P < 0.001) decrease in the amplitude of fEPSP evoked at the CA3–CA1 synapse in WT 
mice, but an increase (*, P < 0.05, 2-way ANOVA) in J20 mice. E and F, No significant 
changes were observed in fIPSP evoked in CA1 by CA3 stimulation following brain 
stimulation reward or during the recovery period (P = 0.608 for E and P = 0.306 for F, 2-
way ANOVA). G and H, fEPSP evoked at the CA3–CA1 synapse in WT littermate 








As detailed in the Materials and Methods section and following a selection of 
individual stimulus intensities, animals were first shaped to associate lever 
presses with train stimulation of the medial septum. A maximum of ten 20-
minute sessions (one per day) was allowed for each animal to reach criterion. 
For criterion, the animal was required to press the lever by itself a minimum 
of 20 times during a 10-minute period, with pauses between self-stimulus      
< 60 s. Wild-type mice reached the selected criterion significantly sooner (P 
= 0.028, Mann–Whitney rank-sum test) than J20 animals (Figure 4.6A). In 
addition, wild-type mice achieved significantly (F(9,72) = 2.637, P = 0.011) 
higher brain stimulation reward scores than J20 animals during most (5 of 7) 






















Acquisition of the brain stimulation reward protocol and changes evoked at the 
CA3–CA1 synapse in wild-type and J20 mice. A, The graph on the left illustrates the 
accumulative days needed by each animal to reach the selected criterion (to press the 
lever by itself a minimum of 20 times during a 10-min period), taken by the two groups 
of mice. The graph on the right illustrates the mean time (days) spent by each group to 
reach criterion (*, P = 0.028, Mann–Whitney rank-sum test). B, Group performances 
during shaping (Sh) and brain stimulation reward (BSR) protocols. Wild-type animals 
(black squares) reached higher values (*, P = 0.011, 2-way ANOVA) than the J20 group 









fEPSPs evoked at the CA3–CA1 synapse, recorded after medial septum 
stimulation (shaping or brain stimulation reward), presented a decreased 
amplitude during the shaping session stage when compared with fEPSPs 
recorded without medial septum stimulation (BL) in wild-type mice (Figure 
4.5B and Figure 4.7A, B), with a decreasing trend (y = −1.99x + 80.4, R2 = 
0.78, Figure 4.7A). This decrease disappeared during the recovery period 
(gray solid triangles in Figure 4.7A)—that is, in the five minutes after the end 
of the medial septum stimulation session. In contrast, medial septum 
stimulation in J20 mice did not evoke a similar decrease in the amplitude of 
fEPSPs. In fact, after the first shaping session, the fEPSPs observed in J20 
animals presented an increase in amplitude when compared with baseline 
fEPSPs values, with a decreasing trend (y = −2.16x + 121.6, R2 = 0.64, 
Figures 4.5C and 4.7A, B). Interestingly, the amplitude returned to baseline 
values, starting from the fourth brain stimulation reward session (white 
squares in Figure 4.7A). The amplitude of fEPSPs in J20 mice during medial 
septum stimulation (shaping or brain stimulation reward) sessions returned to 
baseline values during the recovery period (gray empty triangles in Figure 
4.7A). As a consequence of the different effects on synaptic strength evoked 
by septal brain stimulation reward in wild-type and J20 mice, fEPSPs evoked 
in wild-type mice during the successive brain stimulation reward sessions 
were significantly (F(8,56) = 32.294, P < 0.001) smaller in amplitude than 
those evoked in J20 mice (asterisks in Figure 4.7A, B). Additionally, the data 
show for both groups a significant decrease throughout sessions, so that the 
last sessions are significantly (P ≤ 0.06) different from the first ones (circles 





































Changes evoked at the CA3–CA1 synapse in wild-type and J20 mice. A, 
Amplitude of fEPSPs evoked at the CA3–CA1 synapse 40 ms after each brain 
stimulation reward (black squares, wild-type; white squares, J20) and during recovery 
(wild-type, gray triangles; J20, open triangles) across the successive sessions. Control 
values (100%, dashed line) were collected from the BL of the last two shaping 
sessions for each mouse. Significant differences between groups (***, P < 0.001; **, 
P < 0.01, 2-way ANOVA). B, Comparative effects on the different components of the 
fEPSP evoked in the pyramidal CA1 area by the electrical stimulation of Schaffer 
collaterals. The histograms illustrate the effect of medial septum stimulation in J20 
mice; results show a significant (***, P < 0.001, 2-way ANOVA) decrease in fEPSP 
amplitude only in the GLU component during both shaping and brain stimulation 








4.4. LTP evoked at the hippocampal CA3–CA1 synapse in J20 mice 
presents higher values and produces a larger depressing effect on 
brain stimulation reward 
 
We expected that the decrease in GABAergic septo-hippocampal projections 
observed in J20 mice could modify the excitability of hippocampal circuits. 
To check this possibility, we decided to evoke LTP at the hippocampal CA3–
CA1 synapse and to check its effects on septal brain stimulation reward. For 
the initial three days, each animal underwent a set of baseline recordings (see 
Materials and Methods). Afterwards, the high-frequency stimulation protocol 
was applied, followed by 30 min of post-high-frequency stimulation 
recordings at the same stimulation rate and intensity as for baseline records 
(Figure 4.8). The same recording session with same stimulation parameters 
was repeated 24 h later. Baseline recordings of the second day were used to 
determine the remaining LTP. After this, a second high-frequency stimulation 
session was carried out, and a 30-minute session of additional recordings was 
repeated as well. Finally, 48 h after the first high-frequency stimulation, we 
carried out a third baseline recording that was followed by a third high-
frequency stimulation session. As before, the third high-frequency stimulation 
session was followed by a post-high-frequency stimulation recording session. 
The baseline of the first day was used as a normalization value. With this 
experimental protocol, both wild-type and J20 mice presented a significant 
LTP for the three recording days (P ≤ 0.05). Notably, the LTP response 
presented by J20 mice was significantly (F(26,104) = 1.765, P = 0.023) larger 
and longer-lasting than that presented by wild-type animals (Figure 4.8A). 
The long-lasting effect is easily observable by the progressive increase in the 
second and third baseline values collected from J20 animals, while baseline 
values in wild-type mice remained without significant changes across the 










A daily efficiency coefficient [(actual number of brain stimulation 
reinforcements/maximum number of reinforcements obtained during baseline 
recordings) × 100) – 100] showed differences in the brain stimulation reward 
performance, as illustrated in Figure 4.8B. Following the experimental 
induction of LTP, J20 mice were more affected in their brain stimulation 
reward performance than were wild-type animals. The scores for the 
efficiency coefficient attained along three days by J20 mice were significantly 
(F(1,5) = 129.792; P < 0.001) decreased with respect to their control values 
following each of the three high-frequency stimulation sessions (see Figure 
4.8B for P-values quantified day by day). In contrast, values collected for 
wild-type mice indicated that brain stimulation reward performance was not 
significantly modified (F(1,6) = 1.751; P = 0.234) by the LTP evoked at the 
hippocampal CA3–CA1 synapse. Moreover, brain stimulation reward was not 
significantly modified (F(1,4) = 2.683; P = 0.166) in those J20 mice that did 
not receive a high-frequency session (Figure 4.8A, B). In conclusion, the 
larger LTP evoked in J20 mice seems to have had a more deleterious effect 




















Different effects of LTP 
evoked at the CA3–CA1 
synapse on brain stimulation 
reward in WT and J20 mice. 
A, Representative examples 
(averaged five times) of 
fEPSPs collected from WT 
and J20 animals, before 
(baseline recordings, BL) and 
after (days 1–3) three 
successive sessions of HFS of 
the Schaffer collaterals. 
Arrows indicate the stimulus 
artifact (St.). The bottom 
graphs show the time course of 
LTP evoked in the CA1 area 
(fEPSP mean ± SEM) 
following the three HFS 
sessions for WT and J20 mice. 
The HFS was presented for 
three days after 15 min of BL 
recordings, at the time marked 
by the dashed line. The 
fEPSPs are given as a 
percentage of the BL (100%) 
amplitude. Although the two 
groups presented a significant increase (2-way ANOVA) in fEPSP amplitude following 
HFS when compared with BL records, values collected from the J20 group were 
significantly (*, P =0.023, 2-way ANOVA) higher than those collected from WT mice at 
the indicated times. To prove that basal synaptic transmission was stable across time, a 
third group of J20 mice that did not receive the HFS protocol (gray triangles) is also 
illustrated. B, The graphs show the effects of LTP on brain stimulation reward 
performance for both WT and J20 mice. This effect was determined with the help of the 
efficiency coefficient per day and group: ([(actual number of brain stimulation 
reinforcements/maximum number of reinforcements obtained during BL recordings) × 
100] - 100). HFS results are presented day by day. As BL, we used the last three days 
before HFS with a stable execution level. The error bar of the BL (before HFS) is close to 
its respective data bar of the histogram (after HFS) with the matching corresponding color 
code (black, WT; gray, J20 no HFS; and white, J20 HFS). LTP significantly reduced 
brain stimulation reward in J20 mice every day (day 1, P = 0.038; day 2, P = 0.039; day 
3, P = 0.004; and total effect, P < 0.001), but not (P = 0.234) in WT mice. In addition, no 
change (P = 0.166) was observed in J20 mice without LTP (*, P < 0.05; **, P < 0.01; 







4.5. Hippocampal GABAergic neurons are involved in the decrease 
of fEPSPs evoked at the CA3–CA1 synapse by brain stimulation 
reward. 
 
Using the same criterion for selecting stimulus intensity (see Materials and 
Methods), and to determine the effect of reduced GABA levels in the 
hippocampus on the reported decrease in the amplitude of CA3–CA1 fEPSPs 
during the same brain stimulation reward protocol, we employed GAD65-
specific monoclonal antibody b78. This antibody inhibits the conversion of 
glutamate into GABA catalyzed by the GAD65 enzyme, an isoform of GAD, 
which is particularly prominent in many axon terminals (Esclapez et al., 
1994; Ishida et al., 1999; Mitoma et al., 2003). 
 
The b78 antibody was injected 30 min before the sixth brain stimulation 
reward session (n = 8) in wild-type mice. The immunohistochemical results 
(see Vega-Flores et al., 2013 for details) showed the presence of the b78 
antibody in hippocampal interneurons, including some interneurons in, or 
close to, the pyramidal cell layer, which correspond to the parvalbumin-
positive interneuron population (Freund and Buzsáki 1996; Matyas et al., 
2004). Since b78 diffusion and effects were restricted to a rather small area of 
the dorsal hippocampus, its injection did not have any significant (P = 0.87) 
effect on brain stimulation reward performance of injected animals. However, 
the local injection of b78 in the close proximity of the CA3–CA1 stimulating 
and recording electrodes produced a significant (P = 0.006) increase in the 
amplitude of evoked fEPSPs during the brain stimulation reward session 
when compared with fEPSPs collected during baseline and recovery period. 
The collected data indicate that, after acute reduction in GABA levels, the 
expected decrease in fEPSP amplitude during brain stimulation reward was 









Because the presence of experimentally evoked LTP in J20 mice significantly 
decreased brain stimulation reward performance, we decided to perform a 
similar study, evoking LTP in GAD b78-injected mice. As shown in Figure 
4.9A, the animals injected with the GAD65 antibody b78 presented a 
significantly (F(26,130) = 7.180; P = 0.028) larger LTP than the controls. The 
efficiency coefficient calculated for the two groups before and following the 
experimentally evoked LTP showed no significant differences (F(1,4) = 
0.0426; P = 0.847) for brain stimulation reward in the control group. In 
contrast, the GAD b78 group presented a significant (F(1,5) = 16.550; P = 
0.010) daily decrease in the performance of brain stimulation reward (see 
Figure 4.9B for P -values quantified day by day). 
 
Figure 4.9. 
Different effects of LTP 
evoked at the CA3-CA1 
synapse on brain stimulation 
reward carried out in b78-
injected and control WT 
mice. A, Representative 
examples (average of five 
sweeps) of fEPSPs collected 
from b78-injected and control 
animals, before (BL) and after 
(days 1.3) three successive 
sessions of HFS of Schaffer 
collaterals. The arrows indicate 
the stimulus artifact (St.). The 
bottom graphs show the time 
course of LTP evoked in the 
CA1 area (fEPSP mean ± 
SEM) following the three HFS 
sessions for b78-injected and 
control mice. The HFS was 
presented for three days after 
15 min of BL recordings, at the 
time marked by the dashed line. 
The fEPSPs are given as a 
percentage of the BL (100%) 
amplitude. Although the two 







increase (2-way ANOVA) in fEPSP amplitude, that for the b78-injected group was 
significantly (*, P = 0.028) larger than that collected from non-injected control mice at 
the indicated times. B, The graphs illustrate the effects of LTP on brain stimulation 
reward for both control and b78-injected mice. This effect was determined with the 
help of the efficiency coefficient per day and group: ([(actual number of brain 
stimulation reinforcements/maximum number of reinforcements obtained during BL 
recordings) x 100] - 100). HFS results are presented day by day. As BL we used the 
last three days before HFS with a stable execution level. The error bar of the BL 
(before HFS) is close to its respective data bar of the histogram (after HFS) with the 
matching corresponding color code (black, WT; gray, J20 no HFS; and white, J20 
HFS). LTP significantly reduced brain stimulation reward of b78-injected mice every 
day (day 1, P = 0.05; day 2, P = 0.047; day 3, P = 0.006; and total effect, P < 0.010), 
but not (P = 0.847) of control mice (*, P < 0.05; **, P < 0.01). The code bar at the top 
left is defined in Figure 3.2. 
 
In order to complement the data obtained from Experiment 1, we decided to 
carry out two additional experiments (Experiments 2 and 3). By this means 
we were able to perform brain stimulation reward tests applying 
intrahippocampal injections and preference tests, simultaneously analyzing 
the fPSP and the rhythmic activity associated with the performance. 
 
4.6. fPSPs evoked in the CA1 area of behaving mice  
 
A response to medial septum stimulation was recorded similar to that reported 
in Experiment 1. Manual train stimulation of the medial septum evoked a 
negative-positive (0.27± 0.02 mV, peak-to-peak) extracellular field potential 
in the hippocampal CA1 area with a latency to reach the negative peak of 43 
± 1.5 ms and a duration of 190 ± 10 ms (Figure 4.4B). As indicated in the 
Methods section, electrical stimulation of the CA3-CA1 synapse was 
presented 40 ms after the end of manual or brain stimulation reward of the 
medial septum. These manipulations introduced significant changes in the 
amplitude and profile of fPSPs evoked in the CA1 area. Those changes will 







4.7. Acquisition of brain stimulation reward and modulation of 
CA1 area responses upon medial septum stimulation 
 
As described in detail in the Methods section, animals were firstly shaped to 
associate lever presses with train stimulation of the medial septum (Figure 
3.2A). As a success criterion, animals were required to press the lever a 
minimum of 20 times during a 10-minute period. Animals failing to reach this 
criterion within 10 days were eliminated from the study. Once the criterion 
was reached, mice were admitted to the brain stimulation reward protocol 
(Figure 3.2B). As shown, the percentage of brain stimulation reward 
responses increased during the first five sessions until reaching asymptotic 
values (≈ 70% of the maximum values). When compared with the shaping 
stage, the BRS performance reached significantly (P < 0.001) higher values 
from the 2nd to the 9th session (Figure 4.10A). 
 
As indicated in Experiment 1, both manual stimulation (shaping) and brain 
stimulation reward of the medial septum modified the amplitude and profile 
of fPSPs evoked in the CA1 area (Figure 4.10B). Interestingly, the effects of 
brain stimulation reward were significantly greater than those of manual train 
stimulation, specifically for the glutamatergic [F(13,351) = 4.652; P < 0.001] 
and GABAB [F(13,351) = 4.160; P < 0.001] components of the evoked fPSPs 
(Figure 4.10C). The GABAA amplitude component presented a trend similar 
[F(13,351) = 3.099; P = 0.005; not illustrated] to that of the glutamatergic 
component. As shown in Figure 4.10D, both the fEPSPs evoked by the 
activation of glutamate receptors (Shaping, y = – 0.9325x2 + 4.6626x + 
90.384; r2 = 0.75; brain stimulation reward, y = 0.343x2 – 4.8347x + 96.88; r2 
= 0.55; P < 0.001) and the late component of fIPSPs evoked by the activation 
of the GABAB receptors decreased significantly (Shaping, y = – 0.2651x2 + 
1.9589x + 120.55; r2 = 0.05; brain stimulation reward, y = 0.0356x2 – 
1.4459x + 135.78; r2 = 0.23; P < 0.001) during the learning process of the 








Acquisition of the brain stimulation 
reward protocol and activity-related 
changes evoked in the hippocampal 
CA1 area. A, Performance efficiency 
computed as (number of brain 
stimulation reinforcements / maximum 
number of reinforcements available) x 
100. Data analysis was carried out 
according to the day when mice 
reached criterion, labeled as Day 0. 
These data come from 30 animals. The 
gray squares with numbers 1 and 3 
indicate the same session in sections B-
D. B, Averages of LFPs recorded 
during the learning process, before 
(BL) and 40 ms after medial septum 
stimulation when the animal was inside 
the Skinner box (SB). Representative 
fPSPs are presented for the shaping 
stage (1), the day when animals 
reached criterion (2), and eight days 
after criterion was reached (3). The 
white arrow indicates the stimulus 
presented to the CA3 area. C, A plot of 
the amplitude of GLU (black triangles) 
and GABAB (white squares) 
components of the fPSP, evoked in the 
CA1 area by Schaffer collateral 
stimulation, following medial septum 
train stimulation in the same mouse in 
two different sessions: during 
acquisition (1) and after the learned 
task (3). D, Changes in fPSP 
components across training. The 
polynomial trend lines for the 
amplitude of GLU and GABAB 
components during shaping and brain 
stimulation reward stages are indicated 
(solid and dashed gray lines 
respectively). These data come from 28 
animals. Recovery values are also 
shown in light gray (*, P < 0.05; **, P 
< 0.01; ***, P < 0.001 for GLU; º, P < 
0.05; ºº, P < 0.01; ººº, P < 0.001 for GABAB, two-way ANOVA). Code bars at the top 







4.8. Contribution of glutamatergic, GABAergic, and cholinergic 
receptors to the proper performance of brain stimulation reward 
 
In this experiment, we studied the specific contribution of hippocampal 
GABAergic and cholinergic receptors to the brain stimulation reward 
performance. As already indicated, medioseptal axon terminals in the 
hippocampus show two main types of neurotransmitter—GABAergic and 
cholinergic—with the glutamatergic component not yet so well documented 
(Gulyás et al., 1990; Sotty et al., 2003; Gulyás et al., 2003; Colom, 2006; 
Habib and Dringenberg, 2009; Huh et al., 2010; Müller et al., 2012). 
Additionally, in concurrence with a recent study (Vega-Flores et al., 2013) on 
the involvement of GABAergic fibers in brain stimulation reward 
performance, we carried out a pharmacological approach to explore the 
presumable role of hippocampal GABAB receptors in the performance of 
brain stimulation reward. For this, we performed intrahippocampal 
administration of GABAergic drugs. The GABAB receptor selective 
antagonist CGP 35348 and the agonist baclofen were injected locally in the 
hippocampus; the results are as follows. 
 
Administration of CGP 35348 during baseline recordings did not produce 
significant changes in fEPSP (P = 0.754), whereas the same injection evoked 
a decrease in the amplitude of the late fIPSP (P = 0.015) corresponding to the 
GABAB receptor (Figure 4.11A) as compared with values collected for 
vehicle injection. This is in agreement with previous works (Olpe et al., 1990; 
Isaacson et al., 1993) reporting that CGP 35348 injections do not have any 
noticeable effect on fEPSP. On the other hand, administration of baclofen 
evoked a significant decrease in fEPSP (P < 0.001) and fIPSP (GABAA, P < 
0.001; GABAB, P < 0.001) values. Importantly, the intrahippocampal 
injection of vehicle did not induce changes in performance in the performance 
of brain stimulation reward (P < 0.433), whereas CGP 35348 administration 
evoked a significant (P < 0.017) decrease in brain stimulation reward 
performance, while the administration of baclofen did not have a significant 







administration was the only pharmacological manipulation that significantly 




Comparison of the effects evoked in the CA1 area by intrahippocampal single 
injection of different drugs and their effect on brain stimulation reward 
performance. A, Selected examples of fPSPs evoked by Schaffer-collateral stimulation 
(St.) in the CA1 area in the presence of vehicle (gray dashed line) and drug injection. 
Representative fPSP averages (sweep ≈ 15 times) for pre-injection (black line) and post-
injection (gray line) are illustrated. The corresponding amplitude value is indicated 
(bottom set) for glutamate- and GABA-related components (GLU, glutamate). The 
normalization point is the pre-injection value. Comparisons were made with vehicle 
injection values (horizontal dashed gray line). B, Effects on the animals' performance 
[(the number of reinforcements obtained) / (the maximum number of possible 
reinforcements)*100] on brain stimulation reward from two days before and two days 
after drug (white circles) and intrahippocampal single injection (black circle) (*, P < 
0.05). The sequence of substance administration was randomized, including 2-3 days of 
non-injection. Note that only the administration of CGP evoked a decrease in brain 
stimulation reward performance (*, P < 0.05; **, P < 0.01; ***, P < 0.001). Code bars at 








A further analysis [F(8,48) = 3.649; P = 0.002] of CGP 35348 effects on fPSPs 
evoked in the CA1 area during brain stimulation reward indicated a 
significant (P ≤ 0.05) increase in the fEPSP (see the # sign, in Figure 4.12A) 
and in the late component (GABAB) of fIPSP (see the # sign, in Figure 
4.12B) on the injection day as compared with two days before and two days 
after administration (P < 0.001). Taken together, these results support the 
differential involvement of hippocampal GABAB receptors during baseline 
records (Figure 4.11A) and during the performance (Figure 4.11B and 4.12) 
of the brain stimulation reward protocol, reflected as changes in fEPSPs and 





















Comparison of changes evoked in fPSP amplitude by intrahippocampal single 
injection of CGP 35348 during the brain stimulation reward task associated with 
performance. A, The quantitative effects of CGP 35348 (CGP) injection on fEPSP or 
glutamate-mediated responses (GLU). Two sessions (-2, -1) prior to and two sessions 
(+1, +2) after the injection day (0) are illustrated. The gray lines illustrate the recovery 
(R) period (#, significant differences between days; *, significant differences with 
baseline values; ºº, significant differences with recovery). B, The same days of 
recording as previously described in A but for the GABAB component of the fIPSP. 
The injection day (0) corresponds to the session of disturbed performance indicated in 








We also considered the putative role of hippocampal cholinergic receptors 
during baseline recording of fPSP (Figure 4.11A) and during brain 
stimulation reward performance (Figure 4.11B). The intrahippocampal 
administration of atropine (a competitive non-selective antagonist of 
muscarinic receptors) during baseline recordings increased (P ≤ 0.05) the 
amplitude of fIPSPs (for both GABAA and GABAB receptors), whereas the 
administration of McN-A-343 (an M1 muscarinic receptor agonist) and of 
carbachol (a cholinergic receptor agonist) decreased (P ≤ 0.05) both the 
glutamatergic and the GABAA component (Figure 4.11A). Interestingly, 
these three drugs failed to evoke any significant change in brain stimulation 




4.9. Hippocampal rhythmicity analysis during brain stimulation 
reward 
 
As described in the Methods section, we analyzed the EEG of the 
hippocampal CA1 area to evaluate the rhythmic activity during brain 
stimulation reward in the Skinner box (Figure 3.3). These sessions were 
performed in the absence of electrical stimulation of Schaffer collaterals. 
Three EEG epochs (each lasting 2.2 s) were collected around each 
reinforcement administration, for -4.4 s to -2.2 s before (time windows A) – 
2.2 s to 0 s (time window B) until 0.4 s to 2.6 s after the end of the 
reinforcement train (time window C). The time 0 was set as the moment when 
the lever is pressed, which means that the first pulse of the reinforcement 
train is administrated. Figure 3.3B and C shows the two main kinds of 









4.10. Hippocampal rhythmicity associated to learning 
 
A complementary analysis was carried out along the learning process of the 
brain stimulation reward. We decided to apply this kind of analysis (using 
these three time windows as the analysis method) to verify possible changes 
in the hippocampal rhythmicity related with the learning process. For this 
additional aim we evaluated the EEG epochs by means of the spectral power 
(the same parameters as previously described in the Methods section) of 
selected mice along the learning process from two days before until six days 
after the criterion was reached. A representative example is presented in 
Figure 4.13. Here we can see that the trend in the main peak of the spectrum 
in the time window B is stable, without clear changes during shaping (days -
2, -1 and 0) or brain stimulation reward (days 1 – 6) sessions, while in time 
window C there is a constant increase in spectral power across the brain 






























Figure 4.13. Spectral power analysis of EEGs recorded in the hippocampal CA1 
area during the acquisition and performance of brain stimulation reward. The 
previously defined time windows (A, B, and C) were analyzed each day along shaping 
and brain stimulation reward protocols. The three time windows are represented in 
three panels by semi-overlapped averaged spectral power profiles. The upper section 
of each panel represents high frequencies (60-120 Hz) and the bottom one the lower 
frequencies (1-40 Hz) during shaping (-2, -1 and 0) and brain stimulation (1 - 6) 
sessions. To clarify the results, the session (day 0) in which criterion was reached is 
represented in solid blue and day 3 is omitted. Note that the trend in the time window 







4.11. Two-choice frequency reinforcement preference task 
 
These mice were trained from the beginning with two levers always available, 
both delivering 100 Hz of reinforcement. The recordings were carried out in 
trained mice with stable brain stimulation reward performance before 
preference task sessions. During the preference task, animals were presented 
in the same Skinner box with the same two levers, but each providing a train 
in the septum of 20 pulses at three available different frequencies (8 Hz, 20 
Hz, and 100 Hz). Only two frequencies of reinforcement were tested per 
session. To avoid unwanted associations, the frequencies provided by the 
levers were switched depending on the behavior of the mouse, which was 
evaluated online (see Methods section). The behavioral data obtained from 
the preference test satisfied the requirements set to establish that the animal 
was responding to the reinforcing value (Carlezon and Chartoff, 2007; 
McBride et al., 1999; Wise, 2009). The time spent by the mouse pressing the 
lever was shorter when the lever was in time-out and was longer when the 
lever press delivered a reinforcement stimulus (Figure 4.14A). In agreement 
with the available reports (Olds and Milner, 1954; Seward et al., 1959), there 
was also a clear, fast extinction if both levers were inactivated (Figure 
4.14B), as well as clear reversal switching when the roles of the two levers 
were switched (Figure 4.14C). It is important to point out that the least-
preferred frequency was 20 Hz, even when it was compared with 8 Hz (P < 
0.05), and the lever that delivered trains at 100 Hz (Figure 4.14D) was 
preferred over those delivering the same number of pulses (i.e., 20) at 20 Hz 










Brain stimulation reward performance during the two-choice reward frequency 
preference test. A, Lever activities (i.e., presses) from a representative preference test 
session. The activity of the two levers is represented trial by trial aligned in relation with 
the rewarded lever press. Note the longer duration of the rewarded presses in comparison 
with the non-rewarded ones. B, Representative recording showing the response when 
both levers were inactivated. C, A representative recording session illustrating the 
comparison between 100 Hz and 20 Hz of septal stimulation as reward (Rew). Note how 
the mouse is switching between levers along the session to receive septal stimulation at 
100 Hz (yellow) rather than 20 Hz (orange) of reward. The orange and yellow bars 
indicate the time when Lever 1 and Lever 2 provided train stimuli at 20 Hz (orange) or 
100 Hz (yellow) as reward. D, The total preference in the group for 100 Hz reward as 
compared with 20 Hz and 8 Hz, as well as the weaker preference for 20 Hz when 
compared with 8 Hz. Statistical differences are indicated with asterisks (**, P < 0.01; 
***, P < 0.001; n = 9). Code bars at the top in A are defined in Figure 3.2. 
 
 
4.12. Hippocampal rhythmicity recorded during preference task  
 
The color representation of the spectral power trial by trial analyzed using the 
three time windows (A, B, and C) around the lever delivery reinforcements. 
Firstly, this representation showed a decrease in the low theta band and an 
increase in low gamma bands associated with the brain stimulation reward at 100 
Hz. Figure 4.15 illustrates two representative trials of the session comparing 100 















Changes in the spectral power related with performance during two-choice reward 
frequency preference test: One trial case. A, A representative preference test session 
illustrating the comparison between 100 Hz and 20 Hz of stimulation of medial septum as 
reward. From top to bottom: the reward (Rew); LFPs recorded (Rec) in the CA1 area, and 
lever presses for Lever 1 and Lever 2. The orange and yellow bars indicate the time when 
Lever 1 and Lever 2 provided medial septum train stimuli at 20 Hz (orange) or 100 Hz 
(yellow) as reward. B, detailed sections of A for one reinforcement at 100 Hz (left) and 
one at 20 Hz (right). The magenta dashed lines indicate the extended areas. C, The same 
recording epoch shown in panel B represented as color power spectrum. The whole 
spectrum was split into two in order to represent the results more clearly. The detailed 
low theta (2-6 Hz) and low gamma (60-80 Hz) bands are indicated. Note in 100 Hz of 
reward the decreased power in gamma and increased power in low theta within time 
window C (dashed ovals). These changes were not seen in 20 Hz of reward. Color scale is 












The above reported changes were corroborated by the analysis of the whole 
session during the preference test. From the whole preference task session, we 
selected 30-40 artifact- and noise-free lever presses for each frequency of 
reinforcement. Figure 4.16 represents in color code and averages the spectral 
power of all the trials in a session, comparing 100 Hz and 8 Hz of reward. 
Additionally, at this point of the experiment it can be seen that this increase in 
low theta band is not related with the time that the animals kept the lever 










One preference test session represented as FLPs (A) and color codes power 
spectra for low gamma (B) and low theta bands (C). A, A representative session 
illustrating, trial by trial (thirty trials), the LFPs recorded in the CA1 area for each 
time window (A, B, and C). Comparison between 100 Hz (left) and 8 Hz (right) of 







with the activity of the two levers overlapped (blue, lever 1; red lever 2). B, The 
power spectra (60-80 Hz band) representation trial by trial of the same LPSs shown in 
A; the bottom panel shows the average of the power spectra of the session for a wider 
band of gamma (60-110 Hz). In order to clarify the results, the upper panel represents 
the frequency band indicated in gray in the bottom panel. Note the lower power within 
window C versus windows A or B for 100 Hz of reward (dashed ovals). C, The same 
representation as in B but for low frequencies. Upper panel shows the power spectra 
(2-6 Hz band). A detail of the trials 16 - 29 is shown in the next figure (Figure 4.17). 
The bottom panel shows the average of the session for a wider band of theta (2-12 
Hz). The gray area in the averages indicates the band represented above. Note the 
higher power in low theta within window C versus windows A or B only for reward at 
100 Hz (dashed ovals). Color scale: red 200%, green 100%. Code bars at the top in A 




Detail of a preference test session 
represented as color coded power 
spectra for low theta band (2-6 
Hz band). This figure is a detail 
from Figure 4.18, using 100 Hz 
medial septum stimulation as a 
reward. Thirteen trials are 
represented with the activity of the 
two levers overlapped (blue, lever 
1; red lever 2). Note that the lower 
power inside time window C in 
comparison with windows A and B 
is not associated with the time that 
the animal kept the lever pressed. 
 
Finally, Figure 4.18 represents the successive averaged spectral power 
collected along successive preference test sessions of 8 Hz vs. 20 Hz (Figure 
4.18A1), 100 Hz vs. 20 Hz (Figure 4.18A2), and 100 Hz vs. 8 Hz (Figure 
4.18A3). The spectral power of the EEG recorded during time window C (i.e., 
corresponding to EEG recorded after brain stimulation reward) presented 
significantly (P ≤ 0.05) higher spectral powers in the low theta band than 
those collected during time windows A and B. Furthermore, the spectral 
power in time window B (i.e., corresponding to EEG recorded immediately 
before the brain stimulation reward) was higher, with a frequency of around 9 
Hz, but lower in the low theta band (P ≤ 0.05), than that corresponding to 







a decrease in the low gamma band (60-80 Hz) associated with the preferred 




Spectral power analysis of LFPs recorded from the hippocampal CA1 area 
during the preference test. A, Color panel representation of the spectral power for 
low gamma band (top) and low frequencies (bottom) for all preference test sessions 
during the comparisons for 8 Hz vs. 20 Hz (1), 100 Hz vs. 20 Hz (2), and 100 Hz vs. 8 
Hz (3). Note, within time window C in 100 Hz of reward, the decrease in low gamma 
and the increase in low frequencies (dashed ovals). B, Same data as in A but 
represented as overlapped averaged spectral power. The main plots show the low and 
medium frequencies, while insets show the low gamma band. Statistical differences 
are indicated by color crosses for each time window (A, blue; B, red; and C, green) 
and spectral power bin (see codes in B1). Note, within time window C (green line) in 
100 Hz of reward, the decrease in low gamma and the increase in low frequencies 
(dashed ovals). Group of nine animals, 20-30 sessions in total. Code bars at the top in 








The statistical analysis of the spectral power performed bin by bin revealed 
that during the preference test, in the comparison of 100 Hz vs. 20 Hz 
(Figure 4.18B2), the increase in spectral power of the low theta band 
corresponding to EEG recorded during time window C for 100 Hz of reward 
was significantly larger than in windows A and B [F(141,282) = 12.273; P < 
0.001], whereas the corresponding values collected for 20 Hz of reward were 
significant for window B [F(141,282) = 32.309; P < 0.001], but not for the 
comparison of window C vs. window A (P = 0.297). The comparison of 100 
Hz vs. 8 Hz of reward (Figure 4.18B3) showed similar results: the low theta 
power within window C was also significantly higher than in windows A and 
B [F(141,282) = 22.956; P < 0.001], whereas the values collected during 8 Hz of 
reward were significant only for window B [F(141,282) = 16.327; P < 0.001], 
and not for the comparison of window C vs. window A (P = 0.216).  
 
For 100 Hz of reward, the results for the low gamma band contrast with those 
for the low theta band. In the case of the low gamma band (Figure 4.18B1, 2 
insets), the analysis showed significantly lower spectral power also within 
window C for 100 Hz of reward [100 Hz vs. 20 Hz of reward: F(29,58) = 
41.616; P < 0.001; 100 Hz vs. 8 Hz, F(29,58) = 39.296; P < 0.001], whereas for 
20 Hz of reward the significant difference was only for window B [F(29,58) = 
12.451; P < 0.001; window A vs. window C, P = 0.491]. Similar results were 
found for 8 Hz of reward [B vs. A and C, F(25,50) = 20.487; P < 0.001; A vs. 
C, P = 0.387].  
 
In order to verify whether similar effects are present during the administration 
of drugs, we decided to carry out this analysis in the sessions of 
intrahippocampal injection performed in Experiment 3. The analysis was 
applied for CGP 35348 and atropine injections, as CGP 35348 was the only 
drug disturbing brain stimulation reward performance in this study (Figure 







the type of theta rhythm involved (Goutagny et al., 2008; Kramis et al., 1975; 
Müller et al., 2012).  
 
In this group, all the sessions were carried out using trains of 100 Hz as 
reward as previously reported in Methods. Firstly, we also found an increase 
in spectral power of the low theta band recorded in window C [F(11,22) = 
4.094; P < 0.031]. This increase was not seen in the same group of mice with 
intrahippocampal injection of CGP 35348 [F(11,22) = 1.208; P = 0.318]. 
 
For the case of low gamma, vehicle injection sessions showed some bins of 
significant decrease during window C in comparison with window B [F(11,22) 
= 17.420; P < 0.001]; similar comparison in CGP 35348 sessions was also 
significant in some bins [F(11,22) = 11.654; B vs. C, P < 0.001]. Figure 4.19 
illustrates these changes, including the color representations for non-injection 
and atropine sessions (Figure 4.19A), as well as for vehicle and CGP 35348 
sessions (Figure 4.19B). However, the changes in the low gamma band 


















































Spectral power analysis of LFPs recorded from the hippocampal CA1 area on 
different days of intrahippocampal injections. All these sessions were performed 
using 100 Hz as reward. A, Color panel representation of the spectral power for low 
gamma band (top) and low frequencies (bottom) for intrahippocampal injection 
sessions. Sessions without injection (left) and atropine administration (right). Note that 
within time window C the changes (decrease in low gamma and increase in low 
frequencies) observed in other sessions are diminished with CGP injection (dashed 
ovals). B, the effects of vehicle or CGP administration. 1, color panel representation of 
the spectral power for the low gamma band (top) and low frequencies (bottom) for 
intrahippocampal injection sessions of vehicle (left) and CGP (right). 2, Same data as 
1 but in overlapped averaged spectral power. The main plots show the low and 
medium frequencies, while insets show the low gamma band. Statistical differences 
are indicated by color crosses for each time window (A, blue; B, red; and C, green) 
and spectral power bin (see codes in B2). Note that within time window C (green line) 
the change in low frequencies for vehicle is not present in CGP session (dashed ovals). 










In order to make comparisons between groups and between sessions, we 
calculated the ratio of the spectral power values collected after each reward 
versus the spectral power prior to the lever press (i.e., spectral power during 
time window C / spectral power during time window B). The comparison 
between 8 Hz and 20 Hz of reward did not show any significant difference in 
the low theta (P = 0.074) or in the gamma (P = 0.093) bands (Figure 4.20A1, 
B1), whereas there was an increase associated with 100 Hz of reward in the 
spectral power of the low theta (P = 0.004) and the corresponding decrease in 
the gamma (P < 0.001) bands in comparison with 20 Hz (Figure 4.20A2 B2) 
and 8 Hz of reward (Figure 4.20A3 B3). It should also be noted that the 
increase in spectral power of the low theta band evoked by trains presented at 
100 Hz were canceled out by the intrahippocampal administration of CGP 
35348 (Figure 4.20A4; P = 0.019) without any effect on the gamma band 
(Figure 4.20B4; P = 0.623). In brief, the injection of CGP 35348 reproduced 
the EEG results in the low theta band, but not in the gamma (Figure 4.19B 
and Figure 4.20). Additionally, in the low theta band, the atropine sessions 
showed no statistical differences versus vehicle (P = 0.340), while a 




































Differences in the ratio power post-reinforcement / power pre-reinforcement 
(time window B/time window C) evoked in the hippocampal CA1 area during 
preference test and intrahippocampal injections. A, Ratio for the low theta band for 
the three frequencies of reward (1, 8 Hz vs. 20 Hz; 2, 100 Hz vs. 20 Hz; 3, 100 Hz vs. 
8 Hz) and vehicle, CGP, and atropine administration (4, 100 Hz + vehicle, 100 Hz + 
CGP 35348, atropine + 100 Hz) in the range of 2-6.3 Hz. The gray background 
indicates the low theta band in which large differences evoked by the different 
frequencies of reward or drugs administration were observed. The bars on the right 
represent the total average from this band (3–5.8 Hz). B, The same ratio as in A but for 
the gamma band (60-80 Hz). The polynomial trend lines are included just to help to 
see the differences (r2 from 0.0157 to 0.2685) (*, P < 0.05; **, P < 0.01; ***, P < 
0.001). Code bars at the top in A are defined in Figure 3.2. 
  
Finally, an additional analysis was carried out within the time window C to 
examine the possible interaction of the spectral power results with the activity 
state of the mice. A previous analysis shows that the increase in the low theta 







(Figure 4.17). In addition, we performed a complementary analysis within 
the time window C. We calculated the power of the band from 3 Hz to 5 Hz 
for all the frequencies of reward used during the preference test (Figure 
4.21A) as well as for intrahippocampal CGP injections (Figure 4.21B). This 
analysis was performed associated with the pattern of lever presses. The 
results showed that the increased power in the theta band was not directly due 
to locomotor behaviors, because it is present even during repeated lever 


















Power spectra in the low theta sub-band evoked by the different reinforcement 
frequencies and by the local injection of CGP 35348 during time window C, and 
their relationship with lever presses. A, Power values before normalization, 
collected from a representative animal. From top to bottom are illustrated lever presses 
(Lever), the reward train, and the power value corresponding to the low theta (3–5.8 
Hz) band. The three frequencies of reward tested (100, 20, and 8 Hz) are shown in 
relation to lever-press activity. Each section (panels 4 s long) corresponds to 30 
overlapped lever presses (the trace remains high for the time that the lever is held 
down) as well as its corresponding power values in the low theta sub-band, where the 
differences were clearer (3-5.8 Hz). Gray squares indicate time window C. Note that 
the increase in power values relate to the preferred frequency of reinforcement (100 
Hz). Additionally, this increase is not associated with lever activity. B, Power values 
collected—always using 100 Hz of reward—from a representative mouse in three 
different sessions: without intrahippocampal injection, administration of vehicle, and 
administration of CGP 35348. Traces are displayed as in A. Note that the increase in 
power values in non-injection and vehicle administration sessions is clearer than in the 
CGP injection session. Additionally, no relationship with the lever activity is 


















































































5.3. A neural mechanism for brain stimulation reward 
 
We have corroborated here that train electrical stimulation of the medial 
septum can be rewarding for alert behaving mice, and that it can serve as an 
operant reinforcer—namely, the experimental animals will generate specific 
behaviors (lever presses) to obtain this internal reward (Olds and Milner, 
1954; Ball and Gray, 1971; Buño and Velluti, 1977; Grauer and Thomas, 
1982; Cazala et al., 1988; Mora and Cobo, 1990; Wise, 1996). However, and 
in agreement with Kaifosh and colleagues (2013), the physiology of the 
septo-hippocampal pathway is poorly understood, and currently, the nature of 
information carried by this pathway, associated with rewarding behaviors, 
remains relatively unknown. The present results do, however, confirm that the 
information carried by the SH-GABA pathway is involved in the learning and 
processing of the reward value, mediating some hippocampal mechanisms 





5.4. The hippocampal mechanism related with brain stimulation 
reward in J20 mice 
 
On the basis of Experiment 1, we can propose that brain stimulation reward 
appears to be highly dependent on the proper functioning of the SH-GABA 
pathway, since J20 mice—characterized by decreased density of GABAergic 
terminals on hippocampal baskets and axo-axonic interneurons—showed a 
delayed acquisition and a lower performance of brain stimulation reward than 
their littermate controls. Further confirmation of these proposals comes from 
the altered hippocampal mechanisms found in J20 mice and the (partial) 
reproduction of LTP and brain stimulation reward performance results after 
inhibition of GAD65 in C57 mice. Additionally, we have documented here 







amplitude of hippocampal fEPSPs during brain stimulation reward. The local 
inhibition of the GAD65 enzyme (Ishida et al., 1999; Mitoma et al., 2003) 
also prevented these changes. 
 
 
5.5. Functional consequences of an increased LTP in J20 mice and 
local inhibition of GAD65 
 
As reported here, J20 mice presented changes in hippocampal functional 
properties. The lower facilitation and depression in input-output curves, as 
well as the delayed short-term facilitation process in paired-pulse tests, 
confirm (Figure 4.1 and 4.2). J20 mice also presented a larger hippocampal 
LTP (Figure 4.8) and lower performance in brain stimulation reward (Figure 
4.6). Similar findings were obtained following the local inhibition of GAD65 
by monoclonal antibody b78 in the dorsal hippocampus (Figure 4.9). In this 
process, no motor disturbance was observed. These effects could be ascribed 
to the imbalance between septo-hippocampal excitatory cholinergic (Krnjevic 
and Ropert, 1982; Markram and Segal, 1990) and glutamatergic (Sotty et al., 
2003; Habib and Dringenberg, 2009) projections versus inhibitory 
GABAergic (Krnjevic et al., 1988) inputs. In fact, it has been reported that 
septal cholinergic projections to the hippocampus increase the excitability and 
LTP of hippocampal circuits (Ovsepian et al., 2004; Palop et al., 2007; 
Dringenberg et al., 2008). Here, by means of the inhibition of GAD65, we are 
facilitating excitatory mechanisms. As indicated below, this increased 
excitability and the longer-lasting effects of high-frequency stimulation of the 
CA3–CA1 synapse have some important consequences on the reinforcing 
value of brain stimulation reward in J20 mice.  
 
 
It has already been reported in a caloric restriction program that non-
saturating LTP evoked in hippocampal CA3–CA1 synapses has no effect on 







consummatory (food intake) behaviors evoked during operant conditioning 
tasks (Jurado-Parras et al., 2012). Here, non-saturating LTP evoked at the 
hippocampal CA3–CA1 synapse did not have any noticeable effect on brain 
stimulation reward performance in wild-type mice. Nevertheless, when the 
evoked LTP reached levels as high and long-lasting as those reported here in 
J20 mice—due probably to the specific decrease in SH-GABA projections or 
to an increased effect of CA3 feedback signals onto medial septum neurons 
(Gulyás et al., 2003; Colom, 2006)—brain stimulation reward performance 
was significantly decreased. A putative reason for the above results is that the 
large facilitation of fEPSPs evoked during LTP in J20 mice and in mice 
injected with GAD65-inhibition antibody b78 disturbed the internal 
rewarding effects of brain stimulation reward.  
 
 
5.6. Role of the GABAergic septo-hippocampal pathway in brain 
stimulation reward and related processes 
 
The participation of GABAergic mechanisms in the reward codification has 
already been reported. For example, it has been proposed that a complex 
network of electrically coupled GABAergic neurons widely distributed in the 
midbrain, hypothalamus, and thalamus could contribute to the brain 
stimulation reward system (Lassen et al., 2007). In addition, it has been 
shown recently that GABAergic pathways and receptors are involved in 
diverse behavioral modalities, including emotional displays, motivational 
states (Macey et al., 2001; Leppä et al., 2011), and codification of expected 
reward in the ventral tegmental area (Cohen et al., 2012; Welberg, 2012). 
Thus, GABAergic pathways could play a complementary role versus the 
widely accepted dopaminergic modulation of rewarding mechanisms 
(Liebman, 1983; Gerhardt and Liebman, 1985; Cobo and Mora, 1991; Wise, 
2002). In this regard, it has been reported that the primary transducer of septal 
brain stimulation rewarding-effect might not be mesencephalic dopaminergic 









The septal networks represent a nodal point for processing of information 
from brainstem and hypothalamic centers and archicortical and neocortical 
structures (Colom, 2006). Early studies proposed that septal nuclei could play 
a definitive role in the integration of internal drives and learning and memory 
processes (Cazala et al., 1988), in particular the septo-hippocampal circuits 
(Buño and Velluti, 1977). Thus, and as shown here, SH-GABA circuits play 
an important role in internal rewarding processes. The SH-GABA projections 
terminate on hippocampal basket and axo-axonic interneurons (Freund and 
Buzsáki, 1996; Matyas et al., 2004; Rubio et al 2013) and play a regulatory 
role in the intrinsic excitability and rhythmic activities of hippocampal 
circuits (Buzsáki, 2002; Ovsepian, 2006). The activation of the medial septum 
enhances the synchronized firing of hippocampal pyramidal cells and 
contributes to the fine-tuning of hippocampal rhythmic activities 
(Vinogradova, 1995; Ovsepian, 2006). 
 
 
We have shown here that the deficit of the GABAergic septo-hippocampal 
innervation in J20 mice might result in significant functional alterations 
affecting the potential role of brain stimulation reward as an internal 
rewarding agent. These results point to a particular role of medial septum-
hippocampal GABAergic circuits in the integration among internal 
motivational states (Wise, 1996, 2002) which modulate cognitive, learning, 
and memory processes characteristically ascribed to hippocampal circuits 
(Bliss and Collingridge, 1993; Gruart et al., 2006; Whitlock et al., 2006). 
 
 
The decreased fEPSP amplitudes observed in wild-type mice appear to 
contradict previous reports (Tóth et al., 1997). A putative explanation could 
be the different frequency of septal stimulation used as reward. The train used 
by us (100 Hz, 200 ms, 20 pulses) could recurrently excite the medial septum-
hippocampus-lateral septum-ventral tegmental area circuit and the 







hippocampal neurons (Risold and Swanson, 1997a; Rokers et al., 2002; 
Manseau et al., 2008). This is supported by a late inhibitory response 
recorded after every train of septal stimulation (Figure 4.5A1, wild-type 
mice). In fact, the local field potential recorded in the CA1 area of J20 mice 
after medial septum train stimulation was increased (Figure 4.5A1) in 
comparison with values collected from wild-type mice. The fEPSP evoked at 
the CA3–CA1 synapse was also increased in J20 mice (Figure 4.5C, D and 
4.7). Additionally, we decided to present the CA3 single-pulse stimulation at 
40 ms after the end of the medial septum train stimulation—that is, at the 
moment when the significant local field potential change evoked by medial 
septum train stimulation was noticed (Figure 4.4C). These results clearly 
indicate a disturbance in the septo-hippocampal inhibitory mechanism present 
in J20 mice. Although the expected response in a GABAergic septo-
hippocampal dysfunction would be a decreased GLU component of the CA3–
CA1 response, some functional alterations in the local interneuronal 
population of J20 mice that would try to counteract the GABA septo-
hippocampal deficit cannot be ruled out. These compensatory mechanisms at 
the interneuronal level would lead to an increased response of the principal 
cell population, as described previously (Palop et al., 2007). 
 
 
The experiments reported here reinforce this integrative role of septo-
hippocampal circuits regarding motivation and learning and memory 
processes. Consummatory internal (brain stimulation) rewards depressed 
fEPSPs evoked in hippocampal CA3–CA1 synapses. This functional 
depression of fEPSPs is prevented by the local inhibition of the GAD65 
enzyme by monoclonal antibody b78 (Esclapez et al., 1994; Raju et al., 2005; 
Manto et al., 2011). Previous studies using slice-patch recordings have shown 
that b78 acts on the terminals of GABAergic neurons to suppress the release 
of GABA, thereby depressing the inhibitory transmission with a gradual and 
long-lasting time course. Administration of b78 antibody was also followed 
by an increase of glutamate concentrations (Mitoma et al., 2003; Manto et al., 







neurons and the increase in glutamate concentrations seem to be confirmed 
here by the larger LTPs evoked in b78-injected mice. 
 
 
5.7. Corroboration of the hippocampal mechanisms related with 
brain stimulation reward in non-transgenic mice 
 
Having assessed the results from Experiment 1, we decided to carry out 
Experiments 2 and 3 in C57BL/6J mice. In this way we would be able, 
during the brain stimulation reward, (i) to analyze in detail the learning 
process using a large number of non-transgenic animals; ii) to use a 
pharmacological approach; and iii) to describe the changes in the 
hippocampal rhythmic activity associated with the reward preference. 
 
The variability in a behavior sometimes requires an increase in the number of 
subjects. For this reason, the description of the learning process of the brain 
stimulation reward task in the following section summarizes the data coming 
from the whole set of the animals trained in brain stimulation reward 
paradigm and prior to intrahippocampal injections (Experiment 2) or 
preference test sessions (Experiment 3).  
  
 
5.8. The hippocampus and the learning process during brain 
stimulation reward 
 
The changes in the evoked fPSPs during the learning of brain stimulation 
reward were directly related to the acquisition and performance. The effects 
of brain stimulation reward on fPSPs recorded in the CA1 area were always 
inhibitory, from manual shaping sessions until the brain stimulation reward 
stage was reached. We observed a progressive decrease in fEPSP amplitudes 
during shaping (Figure 4.7A). Interestingly, when the animals had reached 







was potentiated (Figure 4.7A, B). We can distinguish three well-defined 
stages across the acquisition of brain stimulation reward: one during the 
shaping sessions, and two more during the brain stimulation reward stage. i) 
During the shaping sessions, medial septum stimulation consisted of a 
mixture of reinforcements delivered either manually or by the mouse of its 
own accord. In this situation, the fEPSPs were less affected by the inhibition 
evoked by medial septum stimulation (Figure 4.10B-D, days -4 to 0). ii) A 
second stage started when the mouse reached the brain stimulation reward 
criterion and manual stimulation was stopped. During these sessions (Figure 
4.10D, days 1-4), the fEPSPs were more affected by brain stimulation reward, 
and their amplitude decreased. iii) When the animal’s performance was 
stabilized, fEPSPs reached their lowest amplitude values following brain 
stimulation reward (Figure 4.10D, days 5-9). This is supported by the results 
collected from J20 mice. Indeed, the transgenic J20 mice showed a decreasing 
trend of fEPSP amplitude across sessions from shaping (Figure 4.7A, days 1-
2) until brain stimulation reward (Figure 4.7A, days 4-7). Although in J20 
mice we recorded increased fEPSP amplitude instead of the decreased fEPSP 
amplitude observed in wild-type mice (Figure 4.7B), both these groups 
showed a decreasing trend. This becomes clearer on the 4th day of brain 
stimulation reward for J20 mice. 
 
 
The evolution of fIPSP changes evoked in the CA1 area by electrical 
stimulation of the Schaffer collaterals was different in the late component. 
Whereas the amplitude of the early response of the fIPSP, mediated by 
inotropic GABAA receptors, showed the same trend as the GLU component, 
the amplitude of the GABAB component increased from the first shaping 
session, and any tendency to decrease lessened after the performance criterion 
was reached. This differential effect was observed in most recording sessions, 
including those of brain stimulation reward, supporting the notion of a 
different involvement of the two types of receptor in the processing of the 
reward. Classically, the fast inotropic response has been related with epileptic 







present study. On the other hand, metabotropic-mediated responses seem to 
be the reflection of another kind of processing, and will be discussed in the 
next sections.  
 
 
Changes in fEPSP amplitudes can be interpreted as the result of a 
modification in the excitation–inhibition balance carried out by the septo-
hippocampal pathway. The hippocampus has been proposed as a neuronal 
structure involved not only in learning and memory processes, but also in 
detection (Fenton et al., 2010) and attention phenomena (Vinogradova, 2001). 
Dragoi and Tonegawa (2013) have suggested that the CA1 network has the 
capacity of encoding at least 15 different novel spatial experiences 
simultaneously (Dragoi and Tonegawa, 2013). In fact, the CA1 area has been 
proposed as “a comparator that computes novelty” (Lisman and Grace, 
2005). Additionally, it is well accepted that the hippocampal fPSPs recorded 
in the CA1 area are changing in parallel with the learning curve (Gruart et al., 
2006; Whitlock et al., 2006; Clarke et al., 2010; Carretero-Guillén et al., 
2013). In view of the reports on the relationship of the fEPSP during learning, 
we can speculate that the result described here could be due to a strong 
hippocampal activity in the early stages of learning that decreases gradually 
across training. The changes in the amplitude of evoked fEPSPs, along the 
brain stimulation reward sessions suggest that the hippocampus is less 
susceptible to the inhibition evoked by medial septum stimulation only during 
the initial acquisition stages. This could be a reflection of the changes in the 
level of cognitive requirements along the learning process. In the present 
paradigm, the acquisition stage of the first days represents the highest 
cognitive level (Luo et al., 2011; Welberg, 2011), when the hippocampal 
activation must be highest and the reward evaluation is most needed (Vertes, 
2005; Vertes et al., 2004). The hippocampus, particularly the CA1 area, has 
been described as a comparator that computes novelty. In our case, the 
shaping days represent the highest level of exposure to novelty for the mice. 
For this reason, it is possible that the inhibition exerted by septal brain 







the last days of brain stimulation reward. These results suggest that the 
hippocampus is participating in the processing of this information more 
actively in early stages of the learning process. Indeed, the fEPSP amplitude 
was more clearly decreased following late execution days of brain stimulation 
reward, when the cognitive requirements went down. 
 
 
5.9. A putative role of hippocampal GABAB receptors in brain 
stimulation reward 
 
Classically, the cholinergic system in the medial septum and hippocampus 
has been linked most closely with mnemonic functions (Alkon et al., 1991). 
However, other studies (Ropert, 1985; Markram and Segal, 1990; Wu et al., 
2000) report that the effect of intra-hippocampal injections of cholinergic 
drugs is reflected in the GABAergic components of the hippocampal fPSPs. 
In the present work, we corroborate the changes in the fIPSP associated to the 
administration of selected cholinergic drugs; however, the brain stimulation 
reward performance remains stable. This is in the same sense as previous 
works reporting that the cognition-enhancing attributed to the cholinergic 
septo-hippocampal projections has its basis in an excitation of the 
GABAergic system (Wu et al., 2000). Our results show that pharmacological 
manipulations of the GABAB receptor evoked a significant decrease in the 
performance of brain stimulation reward. The GABAB antagonist CGP 35348 
reduced the late fIPSP component evoked in the CA1 area by Schaffer 
collateral stimulation (Olpe et al., 1990; Isaacson et al., 1993; Davies and 
Collingridge, 1996; Yanovsky et al., 1997; Leung and Shen, 2007) and, as 
reported here, increased the basal power of the theta rhythm. This reduction 
was independent of other behavioral parameters, such as the time that the 
animal kept the lever pressed (Figure 4.17 and 4.21). In addition, the 
presence of a similar number of non-rewarded lever presses indicates that no 
motor effects were associated with the local injection of CGP 35348. Another 







administration is the total number of rewarded and non-rewarded lever 
presses carried out during the injection session. This indicator did not show 
any statistical difference (min 0-3, 41.6 ± 3.2; last three min, 44.0 ± 3; P = 
0.38; paired t test) during the 100 Hz + CGP 35348 recording sessions. These 
results suggest that the decrease in the animal’s performance after CGP 35348 
injections was not due to a satiation effect, but rather to a disturbance in the 
processing of the reinforcement value of brain stimulation reward.  
 
Further support for this suggestion is the decrease in the spectral power 
density (PSD) of the low theta band during the assays stimulating the medial 
septum at 100 Hz in the presence of CGP 35348. This effect on the low theta 
band mimicked the PSD data collected during the two-choice frequency 
reinforcement preference test (see below). In brief, in the presence of CGP 
35348 the stimulation with the preferred 100 Hz of reward mimics the 
decrease in the low theta band of the less-preferred rewarding frequencies 
(Figure 4.20). These points are discussed in detail in the following sections. 
 
 
Hippocampal rhythmic activity 
 
5.10. Relationship of fPSP and rhythmic activity changes 
related with learning 
 
In our results, we saw a negative trend in fEPSP amplitude across days of 
training in brain stimulation reward, but not in fIPSP values (Figure 4.10D). 
These results could be a reflection of a similar mechanism previously 
described with regard to the hippocampal rhythmic activity. This proposal is 
in agreement with other studies describing the relationship between fPSP and 
theta rhythm in a complete band of 3-12 Hz. In 1990, Núñez and colleagues 
reported that the participation of excitatory postsynaptic potentials is 







postsynaptic potentials is not so important (Núñez et al., 1990). In addition, in 
2000, Wyble and colleagues reported, while recording in CA1, a significant 
suppression of evoked fEPSP (single pulse in CA3 or dentate gyrus) when 
theta rhythm in the dentate gyrus was the dominant frequency (> 75%). For 
this, they evaluated the power spectra density in epochs lasting three seconds 
prior to the stimulation (Wyble et al., 2000). Finally, in 2002 Seager and 
colleagues reported a facilitatory effect of theta rhythm during classical 
conditioning (Seager et al., 2002). Although there are some differences in the 
experimental procedures, we can speculate that a similar relationship is 
reproduced in our results. We saw a decrease in the fEPSPs across brain 
stimulation reward sessions, and this decrease of fEPSP amplitude was 
accompanied by an increasing trend of the main peak in the spectral power 




5.11. Changes in hippocampal EEG related with integrity of 
septo-hippocampal GABAergic projections 
 
Using the 6/8-month-old J20 mice, we were able to corroborate the 
participation of the septo-hippocampal pathway in the general rhythmic 
activity under passive and active behavior. The results confirm that the 
decrease in the SH-GABA fibers has as a result the decrease in the power of 
theta and gamma frequencies, and is not associated with neuronal loss (Palop et 
al., 2003; Rubio et al., 2103). A recent study describes a relationship between 
tauopathies including Alzheimer’s and hippocampal function (Cheng et al., 
2013). Those authors propose that during the disease, a preponderance of 
internal information is disturbing the correct functioning of the hippocampus in 
the encoding of new information (Cheng et al., 2013). Additional information 
is provided by Rubio et al. (2013), they reported that this result could be due to 
a reduction in the SH-GABA input that arrives at the hippocampal 







resulting in a decrease in the power of theta and gamma bands (Hangya et al., 
2009; Buzsáki et al., 2012). This is supported by the normal power level found 
in 2-month-old J20 mice, at which age the complexity of SH-GABA axon 
terminals is not deteriorated (Rubio et al., 2013). Additionally, it has been 
reported that the most-affected interneurons in this transgenic mouse are the 
axo-axonic and basket parvalbumin+ cells—the same kinds of neuron involved 
in the generation of rhythms in the theta and gamma bands (Freund and 
Buzsáki, 1996; Pike et al., 2000; Cardin et al., 2009). Briefly, the data coming 
from J20 mice supports the idea of a prominent participation of the SH-GABA 
pathway in the regulation of the hippocampal rhythmicity not directly related 
with unspecific motor activity. 
 
 
5.12. Preferred frequencies for brain stimulation reward and the 
related changes in hippocampal EEG 
As already reported (Cazala et al., 1988; Carlezon and Chartoff, 2007; Wise, 
2009), and confirmed here, 100 Hz is the frequency of reinforcement that 
induces the most-stable brain stimulation reward behavior and the highest 
response rates. However, a high lever-press ratio is not necessarily related with 
a higher reinforcement value (Hodos and Valenstein, 1962; Zarevics and 
Setler, 1979; Liebman, 1983). In this regard, the two-choice frequency 
reinforcement preference test used here has the important advantage that it 
allows the animal to determine by direct comparison the preferred frequency of 
septal stimulation. With this we are able to evaluate the rewarding effect in a 
non-time-dependent test and get more accuracy in the evaluation of rewarding 
gradients (Hodos and Valenstein, 1962).  
 
The system of time windows applied here for analysis of the power spectrum 
was designed to increase the accuracy in relation to the behavior of the mouse 
(Tort et al., 2009). Time window A was coincident with an unspecific behavior 







coincident with an appetitive behavior, driving the animal to the reward effect 
and triggering the beginning of the lever-press period; and window C 
represented the consummatory behavior: here, the reinforcement value of brain 
stimulation reward could be evaluated to continue searching for this type of 
reinforcement or change it.  
 
 
As a main result associated with the PSD and the preference test, we found an 
increased PSD in the low theta band accompanied by a decrease in the PSD of 
low gamma in time window C. This was constant among the comparisons for 
100 Hz of reward. The other rewarding frequencies do not induce this change. 
Recent studies of the SH-GABA pathway report a correlation between medial 
septum neuron activity and fast hippocampal rhythms (Kaifosh et al., 2013). 
Additionally, Lisman and Jensen in 2013, with the notion that the “information 
is represented by an ensemble of cells rather than by single cells” (Lisman and 
Jensen, 2013), have proposed that the gamma rhythm is codifying the 
information in the hippocampus, where every gamma cycle is codifying one 
single item. Those authors concur that this is basic for memory, and propose 
that affecting one part of the gamma band could possibly disturb one part of the 
memory. At the same time, the theta rhythm has been called “traveling waves” 
(Lubenov and Siapas, 2009), due to its roughly propagation along the 
hippocampal formation (CA1, dentate gyrus, CA3, subiculum, and the 
entorhinal cortex). Those authors propose that this characteristic is very 
important for timing and direction of the information. Finally, Colgin in 2013 
reviews the importance of coupling mechanisms between theta and gamma 
frequencies for the behavior associated to reward, memory, and learning 
(Colgin, 2013). Taking all these reports together, we can postulate that our 
PSD results from the preference task are in agreement with their findings. If the 
gamma rhythm is encoding information, this will be reflected as an increase in 
the gamma power under novel circumstances, and the significant decrease in 
gamma power recorded within time window C when 100 Hz of reward is 
delivered makes sense, because this is the expected stimulation. In contrast, the 







power. This is supported by the results from the comparison sessions of 8 Hz 
versus 20 Hz of reward; here the gamma band did not show differences. In this 
case, the processing of the new information is crucial, as 8 Hz and 20 Hz are 
less preferred than 100 Hz. Finally, if theta is carrying information, encoded in 
gamma waves, through hippocampus and cortex, expected rewards such as 100 
Hz induce the increased power of the low theta band in time window C. This 
could be indicating sensory information that is already learned; for this reason, 
the communication between structures is facilitated by means of higher power 
in the low theta band, but no new information is transmitted. 
 
 
An important factor to be taken into account here is the involvement of 
locomotive and other movements in the collected results, mainly those for the 
theta band. Classical works report that the lesion of the septo-hippocampal 
system does not abolish exploratory behavior, and exploratory locomotion and 
orienting response are even increased. Hyperactivity, exaggerated orienting 
responses, and a preponderance of irrelevant stimuli have been typical results 
reported following the lesion of the hippocampus and/or the septum (Kimble, 
1969; Gray and McNaughton, 1983; Poucet et al., 1991). For this reason, it has 
been proposed that the theta rhythm is not just the “behavioral correlate” of 
orienting exploratory activities (Vinogradova, 1995). Furthermore, it has been 
proposed that septo-hippocampal mechanisms that generate the theta rhythm 
are not necessary to maintain brain stimulation reward (Buño and Velluti, 
1977). This supports the notion of theta rhythm as a neural mechanism related 
to reward processing. In accord with this view, recent studies propose that the 
theta-gamma ensemble can contribute to memory processes, but in addition to 
the sensory processing (Lisman and Jensen, 2013). Some works propose that 
the salient sensory stimuli can influence hippocampal networks through septal 
neurons due to the nodal role of the septum between subcortical and cortical 
networks (Kaifosh et al., 2013). In the present work we did not analyze in 
detail the frequency part of the theta band associated with walking activity 







This part of the band is less well known than the high one—the main body of 
literature being concerned with the high or the whole theta band. 
 
 
5.13. Changes in hippocampal EEG related with septo-
hippocampal GABAergic projections during brain stimulation 
reward 
 
The increased spectral power in the low theta band during the two-choice 
frequency reinforcement preference task (related to the preferred frequency 
versus non-preferred ones) was pharmacologically reproducible by 
intrahippocampal CGP 35348 injections in animals rewarded with 100 Hz. In 
contrast, the decrease in the gamma band seen following 100 Hz of septal 
stimulation was unaffected by CGP 35348. Importantly, CGP 35348 injections 
also evoked a decrease in brain stimulation reward performance similar to that 
produced by reinforcement frequencies ≤ 20 Hz. Results collected during the 
preference test affected both the low theta band and the gamma band, whereas 
CGP 35348 administration affected only the low theta band. 
 
 
The existence of an atropine-sensitive theta rhythm in non-anesthetized 
animals is under debate, so we decided to test our results by means of 
intrahippocampal atropine injection. The increase in the power of the low theta 
band related with 100 Hz of reward was not abolished by atropine injection 
(Figure 4.20A). This result suggests a significant participation of GABAB 
receptors in disturbing the brain stimulation reward performance, probably 
during the processing of the reward value, as motor effects were not found. 
 
 
The present results are indicative of the important role of the inhibition induced 
by activation of GABAB receptors in the processing of the reward at 
hippocampal level. Results collected from cholinergic and GABAergic 







2000) proposing that the GABAergic system underlies the cognition-enhancing 
effects of muscarinic receptor activation in the septo-hippocampal pathway. 
Our results are further supported by recent studies of the SH-GABA pathway: 
Kaifosh and colleagues in 2013 reported a strong correlation between medial 
septum neuron activity and fast hippocampal rhythms; they postulate the 




Our study is the first to document in behaving animals that the hippocampus is 
directly involved in two fundamental aspects of the learning process, mainly as 
a result of SH-GABA pathway stimulation. First, the hippocampus is gradually 
affected by medial septum stimulation across successive training sessions. The 
fEPSP (i.e., glutamatergic) component of the fPSP is resistant to inhibition 
during acquisition, but is easily inhibited during the late execution of the brain 
stimulation reward protocol. This is probably linked to the different cognitive 
levels required across the whole learning sequence. In contrast, fIPSPs did not 
show any change during the brain stimulation reward protocol. Second, the 
SH-GABA is mediating the changes in the hippocampal PSD related with the 
behavioral state (Jurado-Parras et al., 2013) and the functional role of the theta 
and gamma rhythms in the processing of the reward information (Buzsáki, 
2002; Lubenov and Siapas, 2009; Adhikari et al., 2010). The processing 
mediated by GABAB receptors in the hippocampus, plays an important role in 
these mechanisms. 
 
Taking all these data together, it is possible to suggest that the hippocampus is 
involved not only in the search for and finding of a given reinforcement in a 
way dependent on the learning stage, but also in the processing of its 
reinforcement value, probably through information mediated by GABAB 
receptors. However, and in agreement with Kaifosh and colleagues (2013), the 
physiology of the septo-hippocampal pathway is poorly understood, and 







rewarding behaviors remains essentially unknown. In this line of thought, the 
present results further confirm that the information carried by the SH-GABA 
pathway is involved in the learning and processing of the reward value, 
mediating some hippocampal mechanisms that probably encode selective 




































































The present experimental study allows us to propose the following conclusions: 
1. In the context of reward evoked by septal brain stimulation reward, we can 
propose that the excitatory mechanisms of the hippocampal pyramidal cells 
change in parallel with the learning process, mainly during the late part of the 
process, when the learning is consolidated. The inhibitory mechanisms of 
hippocampal pyramidal cells mediated by GABAA receptors change in parallel 
with the acquisition of the brain stimulation reward, whereas the response 
mediated by GABAB has no clear relationship with it. 
 
2. The documented imbalance of the SH-GABA pathway in J20 mice seems to 
disturb the brain stimulation reward processing. It has been shown here that the 
excitatory mechanism of hippocampal pyramidal cells is clearly increased in 
J20 mice, which in turn could disturb the acquisition and execution of a proper 
self-stimulation rewarding behavior. In addition, the inhibitory mechanism of 
hippocampal pyramidal cells observed in J20 mice does not show any 
significant change or relationship with the learning process or with its 
execution. 
 
3. The deficiency in the SH-GABA in the J20 mice has as a consequence a 
decreased rhythmic activity of the hippocampus. This decrease in hippocampal 
rhythmicity is not associated with locomotion.  
 
4. The changes in the learning process and execution in J20 mice could be due 
to a deficiency in transmission of the SH-GABA pathway. This deficiency 
could be responsible for a deficient hippocampal processing of the reward. The 
pharmacological blockage of hippocampal GABAB receptors, as well as a 
deficiency in SH-GABA projections, seems to negatively affect the 








5. The hippocampus seems to participate in the processing of the reward value. 
In the hippocampus, a higher rewarding value could be encoded by an 
increased power of the low theta band together with a decrease in low gamma 
frequencies, whereas low value rewards evoke a higher power in the low 
gamma band but no change in the low theta band. 
 
6. SH-GABA projections are strongly involved in the processing and 
performance of septal brain stimulation reward. This could be mediated locally 
through GABAB receptors in the hippocampal CA1 area. In contrast, the septo-
hippocampal cholinergic projection system seems not to participate in the 
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